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Abstract
The thesis reports on the fabrication and efficient continuous-wave operation, at 1.084
pm, of Nd:MgO:LiNbOg stripe waveguide lasers using a novel proton-exchange
technique. The diffusion coefficient for proton-exchange is determined for doped
material and compared to that of undoped material. The waveguide losses of both
proton-exchange and Ti-indiffused channel guides are measured with a Fabry-Perot
resonance technique.
The waveguide absorption over the visible region of the spectrum, and specifically
near X=600 nm, is reported in proton-exchange Nd:MgO:LiNbOg waveguides for the
first time. The guided-wave fluorescence for single-mode proton-exchange and Tiindiffused waveguides in Nd:MgO:LiNbOg is also reported.
Highly reflecting dielectric mirrors are directly coated onto the substrate end-faces,
and the waveguide lasers are optically pumped with a dye laser, at X^-599 nm and
592 nm, and a semiconductor-diode laser at 813 nm. Thresholds as low as 4 mW and
slope efficiencies up to 14% are achieved in the waveguide laser cavities. Up to 2.8
mW of output power (limited by the available pump power) could be achieved,
without observation of photorefractive damage. For the semiconductor-diode laser
pump, a system of beam-shaping optics is used to improve the coupling efficiency to
the waveguide. A calculation of the absorbed pump power threshold, using known
parameters, of 3.0 mW, is in good agreement with the experimental value of 3.4 mW.
An experiment involving the diffusion of erbium into undoped lithium niobate is
reported, and the absorption spectrum obtained.
Two methods of self-frequency doubling in Nd:MgO:LiNbOg are studied, namely,
the Cerenkov scheme, and the non-critical phase-matching method which utihses the
temperature dependence of the material birefringence. Experiments for self-frequency
doubling, using both schemes, are proposed.
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1: INTRODUCTION

CHAPTER 1
Introduction

1.1 GENERAL INTRODUCTION

By virtue of its low optical transmission loss and high electro-optic coefficient, lithium
niobate is considered to be the leading material for fabrication of active waveguides
and modulators, for application in integrated optical circuits.
Rare-earth doping of lithium niobate is an attractive method to obtain active
components in an integrated optics substrate. Rare-earth doping of fibres
is an
established technique, however, clustering limits the concentration of dopants which
may be obtained in a fibre. The fibre length cannot therefore be smaller than about one
metre. For integration within optical circuits, active devices must be kept as short as
possible. Rare-earth doping of lithium niobate will increase the potential of this
material allowing the integration of active and passive components.
Neodymium doped hthium niobate is a material that combines the established laser
possibihties of the Nd^"*" ions with the electro-optic and nonlinear properties of lithium
niobate. This permits the realisation of interesting devices, including self-frequency
doubled lasers, where the lasing characteristics of Nd^"*" ions are combined with the
nonlinear characteristic of lithium niobate, and self-Q switched lasers, where the
electro-optic cell and the active laser medium are integrated into the same crystal.
The first report on laser oscillation in NdiLiNbOg was made by Evlanova, et al., in
1967
This was followed by a number of reports on the absorption and
fluorescence spectra, and the energy levels of the material
Both flash-lamp
pumped

and laser pumped NdiLiNbOg lasers

were investigated, and self

frequency doubling was also reported in the material
However, the poor optical
quality of the crystals and pump induced photorefractive damage limited the
usefulness of the devices, and greatly reduced their efficiencies.
In 1980, Zhong, et al.,
showed that lithium niobate doped with approximately
5% or more of magnesium oxide (MgO) exhibited reduced photorefractive effects.
This discovery paved the way to potentially high-damage threshold material. The
presence of MgO and pumping at near infra-red wavelengths practically ehminate the
photorefractive damage, even when using relatively high pumping intensities
More recently. Fan, et al.,
reported successful laser operation, self-frequency
doubling, self-Q switched laser operation
and CW laser diode pumping
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Schearer, et al.,
reported that by pumping neodymium-doped lithium niobate with
a Kr+ laser at 752 nm, and inserting a thin, uncoated étalon in the cavity, the laser
could be tuned over 3 nm around the peak at 1084.4 nm. A tunable laser source
operating around this wavelength is useful for pumping the helium metastable atom
resonance at 1083 nm. This would allow the characterisation of the electronic and
nuclear spins of the atom.
Waveguide structures in Nd:MgO:LiNbOg take advantage of the greater optical
energy confinement in the waveguide configuration, and further improve the device
efficiency. They open up the possibility of realising efficient semiconductor-diode
pumped laser systems (holosteric systems), and efficient mode-locked, and selffrequency doubled lasers. If a laser beam is focussed in a bulk crystal to achieve high
intensity for second-harmonic generation, the beam diverges after the focal point and
the effective interaction length decreases. In a waveguide, however, the beam is
confined in one (planar waveguide) or two (channel waveguide) dimensions, and a
high optical intensity can be maintained over a longer interaction length. A compact,
all solid-state source of blue-green radiation is attractive for higher-density optical data
storage systems, laser printing, lithography, and underwater communications.
Recently, Lallier, et al., reported the first demonstration of a guided laser device in
Nd:MgO:LiNbOg
Efficient operation of a Nd:MgO:LiNbOg waveguide laser with
an integrated intracavity electro-optic phase modulator has also been reported
Proton exchange
is now an established technique for fabricating integrated
optical waveguides in lithium niobate. It offers the possibility of obtaining low-loss
waveguiding material with a good electro-optic performance. It has been reported that
proton exchanged waveguides produced in congruent lithium niobate are less
susceptible to zero-field photorefractive effects than titanium-diffused waveguides
however, problems can still exist at higher pump powers. Proton exchange
waveguides formed in MgO-doped lithium niobate have been found to have a higher
damage threshold than waveguides fabricated in undoped material
The
advantages of the proton exchange process are a high refractive index change, leading
to better optical confinement, single polarisation, and ease of fabrication. A large value
of An is important for small radius of curvature bends required in, for example, ring
resonators, and highly confined efficient electro-optic devices. However, problems
arise when using pure acid melts, including reduced electro-optic efficiency, and room
temperature instability
Low temperature annealing of samples from pure or
diluted melts

have led to stable waveguides, and a modified version of this

technique was applied for this project. It should be noted that the instability problems
are much reduced when using doped material
however, annealing is still
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beneficial since it leads to deeper guides, thus improving the coupling efficiency.
Laser operation in a single-mode Ti-diffused Nd:MgO:LiNbOg waveguide has also
been reported
With the Titanium diffusion technique
both the ordinary n^
and extraordinary n^ indices are increased, and thus both TE and TM polarised light
can be guided. The optical confinement, due to a smaller An, is reduced compared to
proton exchange waveguides, and the waveguide fabrication is more complicated.
However, due to the fact that both polarisations can be guided, it is necessary to use
the process when conducting second-harmonic experiments where we take advantage
of the birefringence of lithium niobate for non-critical phase-matching.
The diffusion of neodymium into undoped lithium niobate has also been attempted,
and a Ti-diffused channel waveguide laser fabricated in the material
For
applications in optical communication systems, doping with erbium which has an
emission wavelength of X-1.5 |im is required, and an erbium-doped lithium niobate
laser has been demonstrated in a waveguide configuration
The project sets out, in the main, to characterise Nd:MgO:LiNbOg as a laser
material. Waveguides are fabricated by a novel proton exchange method, and loss
measurements are performed with a Fabry-Perot resonance technique
The
spectroscopy of the doped system is investigated in both bulk and waveguide
configurations. The waveguide lasers are optically pumped by two laser sources, a
dye laser, and a gain-guided semiconductor-diode laser. In addition, initial studies of
an ion-implantation technique are presented and the results discussed. Experiments
with erbium-doped lithium niobate, where the erbium is thermally diffused into
undoped lithium niobate are performed, with the aim of achieving laser
amplification/oscillation. Finally, several possible self-frequency doubling methods in
Nd:MgO:LiNbOg are investigated, and two methods are analysed in some detail.
Results from the analyses are obtained, and are used to suggest possible secondharmonic generation experiments.

1.2 OUTLINE OF THESIS

The thesis consists of nine chapters, proceeding in an approximate chronological
order:
Following the introduction. Chapter 2 provides a general outline of rare-earth
doped lithium niobate, and describes its structure and growth. The properties of the
material are then discussed with the aim of applying them to integrated optics devices.
Chapter 3 begins with a review of waveguide theory and this is followed by a

17
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discussion of the methods of processing stripe waveguides in doped lithium niobate.
The processing of the waveguides by a novel technique, involving annealed proton
exchange from a KNOg:benzoic acid mixture, is described and compared to
competitive techniques. The formation of the waveguides and their characterisation is
discussed in some detail. Effective index (P/k) results from typical waveguides are
presented and they are analysed using the effective index method. Methods of loss
measurement are described, concentrating in particular on losses measured by the
contrast of Fabry-Perot resonances. A discussion of the polishing procedure used,
and an analysis of the alignment error completes this chapter.
Chapter 4 begins with an introduction to laser theory and describes the four-level
laser system. An expression for the threshold condition is derived and an estimate of
the threshold inversion population is attempted. After deriving some basic rateequations for the laser, an expression for the optimum output coupling is derived and
a simple calculation performed.
Chapter 5 describes the Nd:MgO:LiNbOg system. The energy-level diagram for the
system is displayed, and this is followed by a description of the pumping schemes
used in the project. The two alternative pump sources, namely, a dye laser emitting
near 600 nm, and a semiconductor-diode laser at 813 nm, are briefly discussed and
compared. This is followed by a description of the mirror coating facility, and the
method of obtaining high reflecting dielectric mirrors. A derivation of the absorbed
pump power threshold follows, and this is supported by a threshold calculation
involving known parameters.
Chapter 6 represents the bulk of the experimental work undertaken for this project,
involving Nd :MgO iLiNbOg. The chapter begins with the results obtained in the early
stages of the project, namely, implantation work, and an early fluorescence
measurement of the doped material. The next section presents the spectroscopic
properties of Nd:MgO:LiNbOg in both the bulk and waveguide configurations. Both
the absorption and fluorescence spectra are shown for proton exchange, and titaniumdiffused stripe waveguides. The waveguides are characterised and a modal analysis
performed. Loss measurements obtained by two techniques, the waveguide
throughput method, and the Fabry-Perot resonance method, are presented and
analysed. The final section begins by describing the optical set-up used for dye laserpumping of the channel waveguides. Results obtained in both x-cut and z-cut material
are presented and discussed. The results are displayed in the form spectra and actual
laser output characteristics. The results from two different output couplings are
examined and are used to find the slope efficiencies of the system. These are then
compared with calculated values obtained from measured waveguide loss. In addition
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the set-up for diode laser-pumping of the channel waveguides is described, and the
threshold power for laser oscillation measured. The results from this chapter confirm
that a low threshold all solid-state laser is possible to achieve, in the waveguide
configuration.
Chapter 7 begins with a brief description of the erbium-doped lithium niobate
system. The method for diffusing erbium thermally into lithium niobate is described
and the results from a diffusion experiment presented. The bulk absorption spectrum
from this doped sample is then displayed and discussed.
Chapter 8 reviews the possible techniques for frequency doubling in lithium
niobate, concentrating on the Cerenkov scheme, and the non-critical phase-matching
method. A short analysis of a possible self-frequency doubling method using the
Cerenkov scheme is made. An analysis of a non-critical phase-matching scheme, with
no required crystal modifications, follows. Some preliminary results from these
analyses are presented.
Finally, Chapter 9 draws some conclusions and provides suggestions for future
work.
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CHAPTER 2
Structure and properties of Nd:MgO:LiNbOg

2.1 CRYSTAL STRUCTURE OF NdiM gO iLiNbO j
2.1.1 Undoped Lithium niobate
Early X-ray work

suggested that the crystal structure of LiNbOg was trigonal with

the space group R3(Cgi), similar to that of ilmenite (FeTiOg). When the ferroelectric
properties of LiNbOg were discovered, this indicated that the structure was not
centrally symmetric. In 1952 Bailey demonstrated that LiNbOg should belong to the
space group R3c(Cgy). On analysis of Bailey's data, Megaw concluded that the
structure of LiNbOg at room temperature is a highly distorted perovskite structure
(CaTiOg), whilst above the Curie temperature it should be undistorted perovskite
Neutron diffraction analysis by Shiozaki and Mitsui

.

confirmed the R3^ group of

LiNbOg. However the co-ordinates of the atoms remained uncertain. With the advent
of X-ray techniques and the production of high quality crystals a complete analysis of
LiNbOg became possible. Abrahams et al.,

determined its space group as R3c and

established its unit cell paiameters. There are six flat oxygen layers in the hexagonal
unit cell. The tetrahedral voids in such a stmcture remain vacant, while the octahedral
ones aie largely occupied by cations. The succession of the cations in the columns of
octahedra along a 3-fold axis aie; Li, Nb, an empty octahedi'on.

©

Li

O Nb

o

O

(a)

(b)
Figure 2.1. Structure of LiNbO .

23

2: STRUCTURE AND PROPERTIES OF Nd:MgO:LiNbOg

Figure 2.1 shows the crystal structure of LiNbOg: (a) is a sequence of distorted
octahedra along the c-axis and (b) is an ideahsed arrangement of one unit cell along the
c-axis.
The following table lists the ionic radii of the ions in LiNbOg
Ion

Ionic radius (A ngstrom s)

U

0.68

Nb

0.70

O

1.35

Table 2.1. List of ionic radii in LiNbOg.

The flat oxygen layers are separated by a distance of 2.3 Â. The niobium ion is 0.90 Â
from the nearest oxygen plane and 1.41 Â from the next-nearest oxygen plane, while
for lithium these distances are 0.71 Â and 1.60 Â respectively. The oxygen octahedra
are distorted by the metal ions. The 0 -0 spacing in the oxygen plane which is closest
to the niobium ion is 2.88 Â. The lithium ion also distorts the oxygen octahedron. The
octahedra occupied by niobium have two characteristic Nb-O spacings, as do the Li-0
occupied octahedra. The distance of Li-0 to the nearest oxygen layer is 2.07 Â, to the
next-nearest 2.24 Â, and the corresponding distances of Nb-0 are 1.89 Â and 2.11 Â
respectively. We can compare these distances to the sum of the ionic radii for Li+ and
02- (0.68-^1.35=2.03 Â) and for Nb5+ and Q2- (0.70+1.35=2.05 Â). We then
conclude that the lithium ion is rather freely placed within the octahedron. In contrast
the distance of the niobium ion, -1.89 Â from each oxygen ion, is less than the sum
of the corresponding ionic radii. This indicates the overlapping electronic shells of the
ions and the formation of covalent bonds. In the ferroelectric phase, the cations are
displaced from the centres of the octahedra. It has been pointed out, by Abrahams, et
al.,

that it is the position of the metal ions in the structure of the ferroelectric phase

that gives rise to a dipole moment. As crystals of lithium niobate are cooled down
from the Curie point -1200 ®C, there may occur two opposite directions of
displacement for the metal ions, which correspond to 180®electric domains. In order
to attain a single domain from a multi-domain crystal, it is necessary to allow the ions
of Li and Nb to pass through the oxygen layers. At temperatures above 1423 K the
distance from a vertex of an oxygen triangle to the midpoint on the median is larger
than the sum of the ionic radii of lithium and oxygen. Because of this, there can be no
change in polarisation of lithium niobate at low temperatures, accounting for the name
of 'frozen* ferroelectric given to it by Megaw t2].
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2.1.2 N d:M g0:L iN b03

The first reported attempt to dope LiNbOg with neodymium was by N.F.Evlanova, et
ah, in 1967. The crystal was grown by the Czochralski method, and stimulated
emission at 1085 nm was reported in the same paper. We can determine some
crystallographic parameters. Figure 2.2 is a sketch of the lithium niobate crystal
structure normal to the c-axis. The thick lines represent a triangle of oxygen atoms, L
represents the lithium ion position, and N represents the niobium ion position. The
planes of the oxygen ions are separated by 2.3 Â. Let us assume that the Nd^"^ ion is
on the Cgy axis of the crystal, a distance x from one plane of oxygen ions, and a
distance (2.3 Â-x) from the other, (see below)

+
1

rj

1

k

2.3 A

X
triangle
of
O atoms

plane
of
O
atoms

Figure 2.2. Sketch of the LiNbO 3 structure normal to the c-axis.

The Li+ position is -0.7 Â from the nearest origin, and the Nb^+ position is -0.9 Â
from the nearest origin. The rare earth-0^' inter-nuclear distance for the LiNbOg cell is
1.99 Â, which is the average of the two Nb-0 distances in the lattice. A calculation
involving crystal-field parameters indicates that Nd^'*’ lies at x=0.7 A at which the
Li^ ion is located in the undistorted lattice. There are several inequivalent positions in
the lattice. At 0.6 A from the oxygen plane is the interstitial site, not normally
occupied by Li or Nb. This is not a probable site for the Nd^"^ ion since the internal
strains would be too large to accomodate the ion. The Nd^'^ ion is most likely
substitutional on the Li site, or the Nb site with subsequent relaxation of its position
by 0.3 A. The splitting of the corresponding optical absorption bands (observable at
low temperatures -77 K) is indicative of the fact that the Nd^"*" ions occupy two
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Structurally non-equivalent positions, supposedly those of Li^ and

Mg2+ doping

of Nd:LiNbOg was previously used to increase the distribution coefficient of Nd into
LiNbOg [^1. The Mg^+ ion has about the same size as the Li+ ion and was expected to
be suitable for the substitution of the Li+ site in lithium niobate. As a result, the Nd^+
ion distribution coefficient in lithium niobate was increased from 0.1 to -0.3.

2.2 CRYSTAL GROWTH
2.2.1 Obtaining single crystal Nd:MgO:LiNbOg
Single crystal Nd:MgO:LiNbOg is mainly grown in air by the Czochralski technique
[ 10]

Pulling mechanism
Rotating contact
0-10 mA

Pt/Pt-Rh
thermocouple

Platinum holder

5 ax)v ---------5 niA

Platinum
wound
afterheater
Tem p.~1050 C

Nd:MgO:LiNbOg Crystal
R.F. Heating
platinum

coils

crucible

m elt~1300°C

molten Nd:MgO;LiNbO^

Figure 2.3. Apparatus for the Czochralski growth of LiNbO 3 in an electric field .
A platinum crucible is usually used as this is inert and is incapable of incorporating
itself into the LiNbOg crystal. An important requirement in the growth of single
crystals is the temperature stability at the crystallisation front. A failure to avoid
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sudden changes in thermal conditions results in the emergence of defects, and multi
domain structure. In order to maintain identical thermal conditions at various parts of
the crystallisation front the crystal should be rotated, as it is grown, at the rate of 10100 rpm. Czochralski-grown crystals of LiNbOg are multi-domain. There are two
major techniques for producing single-domain crystals; 1) Growth of a crystal in an
electric field, and 2) Poling, which is the apphcation of an electric field to the crystal at
temperatures close to the Curie point.
2.2.1.1 Growth in an electric field

An electric field is superimposed upon a growing crystal, figure 2.3. A platinum wire
on the seed and the crucible serves as the electrodes. Near the phase-transition region
the electric field is kept constant. As the crystal grows its resistance increases rapidly.
A platinum wound after-heater held at ~1050® C reduces the increase in resistance.
Since the electric field can only be active in the vicinity of the growth interface, it is
convenient to control this at a constant value by maintaining a constant current.
field off

seed
end

multi-domain
region

single-domain
region

crystal growth direction

Figure 2 .4 . Crystal seed growth in an electric field.

The degree of single-domain formation by this method (figure 2.4) is high but the
applied electric field gives rise to electrolysis near the growth surface. As a result,
defect regions of microscopic size are formed in the crystal.
2.2.1.2 Poling technique [lO]

This is the electric reversal of the polarisation direction of the ferroelectric. Low
electric fields applied at high temperatures convert multidomain LiNbOg to single
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domain crystals. Fields of 0.2 to 5 V/cm are used at temperatures from 1090-1210 ^C.
Platinum metal serves as the electrodes. At 1200
poling takes about ten minutes,
and longer periods are required at lower temperatures. Alternatively the crystal may be
poled by heating above 1210
then cooling to below this temperature with the
electric field turned on. A single-domain crystal reheated above 1210
without an
electric field results in a multi-domain crystal. Below 1210
however, even
extended heating does not affect the domain structure in the absence of an electric
field. This indicates that 1210

is the Curie temperature. Experiments on the

variation of resistivity with temperature show no evidence of a phase change between
room temperature and the Curie temperature
A disadvantage of the pohng method
is the diffusion of platinum into the near-electrode crystal layers and the cracking of
these regions of the specimen. To avoid these effects, ceramic electrodes made of
LiNbOg are placed between the platinum electrodes and the crystal.
The high temperature electro-diffusion annealing of Nd-doped single crystals of
LiNbOg has made it possible to produce single-domain specimens of these crystals. At
lower temperatures this cannot be achieved because ferroelectric domains stick within
the growth bands with elevated impurity concentrations. Under the influence of an
electric field at a temperature close to the melting point the growth bands largely
disappear, and the crystal becomes single domain. Undoped crystals can be grown
over a range of compositions, (Li20)^(Nb20g) ^ The congruent composition, solid
and liquid in equilibrium, is preferred for device applications because of the
uniformity achieved during growth. It occurs for a Li20 molar percentage of 48.6.
The doped crystals [i^l used in the project were grown from originally congruent
Li/Nb melts into which 5 mol% MgO and 0.5-1.0 at% Nd were added.
2.2.2 Segregation coefficient ii^l

The maximum difference in concentration across the crystal measured as a percentage
of the local average is known as the percentage radial segregation. We can define the
effective segregation coefficient k^f^ as

< c>

( 2 .2 - 1)

k is a constant.
<c> is the radially averaged concentration of solute at the melt/crystal interface
« C » is the volumetrically averaged concentration in melt.
Assume the growth interface to advance uniformly in a time independent manner.
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With the initiation of growth at a seed-melt interface, segregation occurs and the
rejected component accumulates at the liquid side of the growth interface, and diffuses
in the direction of the bulk liquid. In the absence of corrective influences the melt
composition at the interface reaches a steady-state value when the composition of the
solidifying crystal is the same as that of the bulk liquid at a distance from the interface.
In convectionless melts for steady-state conditions kg^^=l. In LiNbOg the segregation
coefficient of MgO is close to unity, however for Nd it is approximately 0.2
Therefore there is a gradation in the neodymium concentration along the crystal length.
The Czochralski technique uses only a small amount of the melt, in order to minimise
neodymium concentration gradients, and this results in smaller crystals being formed.
2.2.3 Diffusion and solubility o f rare earths in LiNbOg

Diffusion of rare earths into undoped LiNbOg crystal has also been attempted
With this technique an evaporated layer of a rare earth metal is diffused some way into
the crystal, typically a few microns. A waveguidecan then be defined intothis region
thus utilising asmaller volume of the bulkcrystal. The maximum rare earth
concentration
is a strong function of temperature. The highest temperature gives
the fastest diffusion and the highest solubility.
The following table presents diffusion results at 1300
Rare earth

D iffusion coefficient D(cm^/s)

in z-cut LiNbOg
Solubility

Nd

2 xlO"W

0.25

Er

lOxlO’ *'’

0.51

(m ol% )

Table 2.2 . Diffusion data of rare earths in LiNbO 3.
The Arrhenius plot of diffusion showed activated diffusion with an activation energy
of 3.6 eV for Er. The high activation energy for rare-earth (RE) diffusion is typical for
substitutional diffusers. The observed difference in the diffusivity of Nd and Er is
related to the ionic radii which influence the mobility directly: Nd^'*': 1.08 Â; Er^^:
0.96 Â; Nb^+ ;0.70 Â;
:0.68 Â.
Ti^+also diffuses substitutionally in LiNbOg. At 1250 K Titanium diffusion is
approximately five hundred times faster than Nd diffusion. Due to the small size of the
Ti ion, the activation energy Eg is 1.9 eV and the maximum solubility is 18 mol%
when annealed at 1273 K. As Ti"^^ substitutes for Nb^'^, this rule states that one out of
six Nb^'*’ions may be replaced by Ti"^"^. By introducing RE^^ ions instead of Ti^"*", the

29

2: STRUCTURE AND PROPERTIES OF NdiMgOiLiNbOg

local charge balance is even more seriously disturbed, if substitution for Nb^"^ has to
be assumed. The lattice has to provide oxygen vacancies or additional Li+
incorporation. The oxygen stoichiometry may be adjusted from the annealing
atmosphere and some Li may be replenished from the bulk. In addition to electrostatic
repulsion, the rare earth ionic radii do not fit well into the Nb-O-octahedral positions
within the crystal and must generate an elastic deformation of their environment.
These factors explain the low solubility of one Nd^+ ion for four hundred Nb ions in
LiNbOg. However this concentration should suffice for laser action in low loss
waveguides.

2.3 PROPERTIES OF NdrLINbO

3

2.3.1 G eneral properties of LiNbOg

LiNbOg is an important electro-optic and nonlinear material, and one that is used for
fabrication of active waveguides. It is a ferroelectric material with a high Curie
temperature of 1210 ®C. This permits rapid diffusion at high temperature without
domain reversal. Its high electro-optic coefficient allows modulation at low voltages.
Waveguides are fabricated in LiNbOg by titanium diffusion at around 1000 ®C, or by
proton exchange at low temperatures. Table 2.3 lists the properties of LiNbOg which
are sensitive to the ratio of lithium to niobium
We can see from the table that the
birefringence, the variation of refractive index with direction in the crystal, is strongly
dependent on the composition of the crystal. This fact has enabled experimenters to
adjust the crystal composition, and hence the birefringence in order to compensate for
dispersion in second harmonic generation.
D ependence

M easured quantity

Curie temperature
STRONG

Birefringence
Phase match temperature
Lattice parameters

WEAK

Refractive index
Electro-optic coefficient
Nonlinear optic coefficient

Table 2.3. Properties of LiNbO ^ sensitive to the Li/Nb ratio.
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2.3.1.1 E lectro-optic properties o f LiNbOg

In a biréfringent crystal like LiNbOg the phase velocity of an optical beam propagating
in the crystal depends on the direction of polarisation of its e vector. In other words,
the refractive index of the crystal varies with direction in the crystal. In a uniaxial
crystal there is only one optic axis and two principal refractive indices. A point source
of light imbedded within a LiNbOg sample gives rise to spherical ordinary wavelets
and ellipsoidal extraordinary wavelets. The orientation of the field with respect to the
optic axis determines the speed with which these wavelets expand. The E-field of the
ordinary wave (o-wave) is everywhere normal to the optic axis, so it has velocity
in all directions, (see figure 2.5).

e-wave
,0-wave

optic axis
Figure 2.5. Wavelets expanding from a point source embedded in a negative uniaxial
crystal.
The extraordinary wave (e-wave) has speed Vj_ only in the optic axis direction.
Normal to this direction, E is parallel to the optic axis and the wave then expands at
velocity v,.. The refractive indices are given by
c

_c_
V||

n^ is the ordinary refractive index
ng is the extraordinary refractive index
The birefringence An is defined as (ng-n^)
In LiNbOg, ng>ng, and so the crystal is termed negative uniaxial.
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Figure 2.6 is a plot of the ordinary and extraordinary refractive indices of LiNbOg as a
function of wavelength. The data points refer to congruent LiNbOg at a temperature of
24.5 ^C.
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Figure 2.6. Dispersion curves for congruent LiNbOg.

Hobden and Warner ^i^l derived an analytical expression for the temperature
dependence of the refractive indices n^ and n^. As the temperature is increased so the
birefringence (n^-nj decreases in magnitude. The refractive indices were measured
using a small LiNbOg prism. The prism was placed on a spectrometer stage in a small
furnace. An analysis of the experimental data has yielded two equations for the
temperature dependence, giving the refractive indices over a range A,=0.4 jam to 4pm

=4.9130+ / . ' 7 3 x l 0 - S l . 6 5 x l 0 Y _ + 2 .7 8 x l0 -« ,:
^--(2 .1 2 x lO -+ 2 .7 x lO '^T -r

-7 -

n / = 4.5567 + 2.605 X 10“ ' T + —

0.97 x l O 'U 7.70 x lO ’ ^T^
-(2 .0 1 x 1 0 -+ 5 .4 x lO '^ T ^ f

-2.24 x 10“ *

(2.3-2)

T is the temperature in degiees Kelvin
X is wavelength in nm
Many physical properties of LiNbOg aie governed to a large extent by the melt
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composition ratio. In LiNbOg it is the extraordinary index n^ that depends significantly
on the melt composition whereas n^ is more or less constant. This has a practical
significance in terms of phase matching for second-harmonic generation. Since
MgOiLiNbOg is more biréfringent than undoped LiNbOg, the phase match temperature
Tpn^ must be at a higher temperature with this material.
2.3.1.2 N onlinear properties o f LiNbOg

Consider a medium of N atoms per unit volume in an electric field E. Dipoles are
introduced with dipole moment p=aE, where a is the electronic polarisability.
The polarisation density P is equal to N{ a E } or alternatively eg%E

(2.3-3)

where %is the susceptibility.
Now polarisability is the source of the optical properties and its origins lie in the
displacement of electrons to give the optical effect. Linear displacement is only
approximate for small fields. For high fields we can expand P as a Taylor series in E
P=N{aE+PE2+YE3+- .......... }

(2.3-4)

where (3, y , etc. are higher order polarisabilities.
Alternatively we can write
P=6o { %(')E4-%(:)E:+%(3)E3+--------- }
^(2)^ ^(3)

(2,3-5)

the second order and third order susceptibilities respectively.

If a and (3 are both positive, the term aE changes sign with E. However the term (3E^
is always the same sign. Hence, with field reversals the optical polarisation is non
linear. In general p « a , however with high optical intensities, ie. high E, the P term
becomes significant. Consider P to be finite, the other higher terms zero, and a high
intensity laser beam incident with E(z,t)=ejCOsœt, Then substituting into equation
(2.3-4) we obtain
P=NaejCoso)t + Npe^^cos^(cot)
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2
1
Now COS (cot) = 2 ^ cos2cot), then (2.3.6) becomes

P = Naej coscot+ -^NPei^ +^NPci^(cos2cot)

(2.3-7)

The first term corresponds with a low intensity beam. The second term corresponds
with a d.c electric field (optical rectification). The third term is the second harmonic
term, and two light beams are emitted at co and 2co. In the general case of a nonlinear
crystal, up to three optical beams could be used in the second order situation, that is
cOj, ©2, and the resulting CO3 pass through the crystal. At any instant in the crystal, the
resulting field E is E =
added vectorially. The polarisation
density is a vector and for the non-linear contribution to P

PNL=ÿPNLe‘“‘ +C.c]
Vectorially

or

(2.3-8)

By historic convention the parameter [d] is used as the second order susceptibility
coefficient and we can rewrite equation (2.3-8) as
PNL=[<l]eoE‘“ ' ’E '“>>

(2.3-9)

Strictly [d] is a tensor and the equation is of the form
(Pnl )i = [dlijk eoEj<“'

>

(2.3-10)

Centrosymmetric crystals have an inversion centre, therefore these crystals have the
same properties for (+x) as (-x), or (+z) and (-z). By definition, reversing E produces
no non-equivalence in properties, and so the optical polarisation is linear. Such
crystals have

and do not exhibit second harmonic generation. Out of the

thirty two crystal classes this leaves twenty which can exhibit second harmonic
generation. A symmetry method called Kleinman symmetry [i^l further simplifies
characterisation of the second order susceptibility. Kleinman symmetry is a tensor
symmetry operation that reduces the twenty seven elements of the three by nine thirdrank susceptibility tensor d-jj^ to a managable eighteen element three by six matrix d-^.
Kleinman symmetry is valid only when the optical frequency is significantly lower
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than the atomic resonance frequency of the dielectric material. The value of d-^ for
LiNbOg depends on the orientation of the crystal. The following table compares d-^
for LiNbOg against other important materials:
M aterial

Point group

LiNbOg

djjjj(10'^^m/V)

3m

dgi=58.65
dgg= 410.52

KDP

4 2m

di4=5.03
dg6=4.61

LBO

mm2

dg2=8.4

Table 2.4 . Nonlinear coefficients for three important nonlinear crystals

Large values of d-^ denote more efficient nonlinear behaviour. In practical optical
devices the performance of a non-linear crystal is characterised by other parameters
including; optical damage threshold, spectral transmission range, and second
harmonic efficiency.
The efficiency of second harmonic generation rj can be expressed as

n «C[A Ÿl^%

(m n y

Ir

(2.3-11)

is the fundamental input power
S=beam cross-section
is the overlap between the fundamental and the harmonic waves
[d]=nonlinear coefficient
^=interacdon length
The factor —

{m i if

is the interference term. The highest efficiency occurs when

Ak=0, that is, when there is optical phase matching between fundamental and
harmonic waves.
In the case of LiNbOg its largest nonlinear coefficient dgg is not phase-matched so it
cannot be used, unless we employ the technique of domain reversal. This involves
fabricating a LiNbOg crystal with periodic laminar ferroelectric domains, alternate in
polarisation directions. The laminar thickness is equal to the coherence length, the

35

2: STRUCTURE AND PROPERTIES OF Nd:MgO:LiNbOg

distance between the interference peaks. The nonlinear coefficient dg^ can be phasematched by utilising the birefringence to compensate for the dispersion (see figure
2.6). Since dispersion is not strongly dependent on temperature, we can use
temperature to change the refractive index of the sample(or waveguide).
The variations in phase-matching temperature T^^, can be related to R, the (Li/Nb)
mole ratio in the melt. For phase-matching normal to the optic axis the birefringence
B = n2 - n | should be equal to the dispersion D = n^ - n °, where the subscripts 1
and 2 refer to fundamental and harmonic, respectively, that is B-D=0. The variations
in the value (B-D) depending on the composition R should be compensated by the
variations in the phase-matching temperature, thus
9 (B -D )a t ^ - 9 (B -D )^
3T

(2.3-12)

3R

Nd:MgO:LiNbOg offers the potential of lasing and frequency doubling in the same
crystal, or self-frequency doubling. This configuration has the potential for efficient
doubling because of the high intracavity intensities available in a simple system. A
demonstration of self-frequency doubling has been reported in the bulk configuration
In the bulk case, diffraction leads to a compromise between a small value of the
beam cross-section S, hence a high power density, and a large value of the interaction
length i. The main advantage of the integrated optics configuration is the possibility to
achieve a high power density along the entire interaction(waveguide) length.
2.3.2 Optical inhom ogeneity of LiNbOg

The inhomogeneity of the LiNbOg crystal arises from structural defects and internal
stresses that develop in the course of crystal growth and its subsequent processing. It
is related to the degree of purity and homogeneity of raw materials and to the
instability of growth parameters, or departure from optimum conditions of crystal
thermal treatment. This inhomogeneity has its origins in a variable chemical
composition or non-uniformities of the crystal lattice. Inhomogeneities in the refractive
index, n, may be the result of a changed crystal composition during growth, or of
internal thermal stress. Limited variations in this inhomogeneity may arise in the
course of long-term high temperature annealing, providing mass transfer in the anion
and cation sublattices. A measure of crystal optical inhomogeneity can be obtained
from the temperature dependence of second-harmonic generation. Random variations
in the ability of the crystal to generate second harmonics are related to local variations
in crystal composition that change the birefringence (n2°-n2®). In LiNbOg there are
gradients of birefringence along the crystal length. This causes a change in the phasematch temperature T^^ of 1 to 3 per cm of crystal length. This effect is assumed to
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be the result of melt component separation at the melt-solid interface, which
contributes to the crystal inhomogeneity. For congruent LiNbOg crystal the phasematch temperature of a particular sample can vary by ±0.7^C while the half-width
AT^ is 0.7 to 0.9 ®C. Results obtained
indicate that
and AT^ are determined
by the maximum change in refractive index and are independent of the location of the
refractive index inhomogeneity in the bulk crystal. This is evidence that the second
harmonic generation process involves a major volume of the irradiated crystal.
2.3.3 P hotorefractive effect

Lithium niobate crystals exposed to laser radiation experience local variations in their
refractive index An. Optical distortion is attributed to the migration of photo-excited
electrons from an illuminated region, and to the establishment of a space charge field
which affects the refractive index due to the electro-optic effect. The electron migration
from an illuminated region is related to the internal fields existing in ferroelectrics. If a
LiNbOg crystal is used as a nonlinear element, second harmonic generation introduces
optical distortion in the element. The variations in refractive index of an extraordinary
ray will violate the phase-matching conditions and reduce the second harmonic
efficiency of the laser. This optical distortion can be minimised by decreasing the laser
intensity and raising the operating temperature of the element. The phenomenon was
first observed by Ashkin [22] in 1966, and studied by Chen [23] using a 0.48 |im
argon-ion laser. Chen measured a change in the birefringence A(ng-no) by the
polarisation optical technique. These experiments confirmed that the extraordinary
refractive index changes much more than the ordinary one. The photorefractive effect
in LiNbOg greatly reduces the usefulness of devices that involve short wavelength
radiation.
2.3.4 MgO doping and increased optical damage resistance in LiNbOg

In 1980 Zhong, et al [2"^^ showed that LiNbOg doped with approximately 5mol% of
MgO exhibited a reduced photorefractive response compared with undoped LiNbOg.
The improvement in the optical damage resistance is due to a factor of one hundred
increase in the photoconductivity [25]. The local change of refractive index around an
illuminated region of the crystal is proportional to
photovoltaic current
photoconductivity
The level of photoexcited impurities eg.iron, are unaltered by the doping, since the
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photovoltaic current is unchanged. MgO doping raises the photoconductivity,
reducing the above ratio, and increasing the damage resistance. A typical iron (Fe)
content, is 7 ppm. In LiNbOg iheavy Fe doping, photoconductivity is shown to be due
to photoelectrons from Fe^'^. The carrier lifetime is limited by trapping at Fe^"^ sites.
For LiNbOg:low Fe concentration, oxygen vacancies containing one or no electrons
may be the dominant trap centres. LiNbOg :5mol% MgO alters all the vacancy
concentration levels in the crystal, since excess positive charge due to Mg^"*" in a Li+
site requires compensation. Compensation could result from oxygen vacancies
containing two electrons rather than one or zero, and Fe impurities substituting in the
Nb^'*' site rather than in the Li+ site. The higher photoconductivity of LiNbOg :MgO
may result from the increased photoionisation, longer carrier hfetime, or altered carrier
mobility. The presence of Nd in the crystal appears to enhance the photorefractive
effect
Under identical pumping conditions, with a 600 nm laser, a damage spot
appeared in the Nd:MgO:LiNbOg sample and not in the MgOiLiNbOg sample. The
damage spot could be annealed by either heating the sample or by leaving the sample
in room light for several hours. This increase in the photorefractive effect could be due
to the carrier lifetime being limited by trapping at the Nd^+ sites. Proton exchange
waveguides also exhibit increased resistance to photorefractive damage . J. Jackel, et
al., 126] reported results with undoped lithium niobate. A maximum of 10 KW cm'^ of
optical intensity, at 620 nm, was present inside the guide, and no optical damage was
observed.
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CHAPTER 3
W aveguide theory and practice

3.1 THEORY OF OPTICAL WAVEGUIDES

Optical waveguides are the structures that are used to confine and guide the light in
guided wave devices
The simplest dielectric guide is the planar slab guide shown
below
cover nc
filmn,

substrate n.

Figure 3.1. Cross-section of a planar slab guide.

A planar film of refractive index n^ is sandwiched between a substrate and cover
material with lower refractive indices. The planar slab guide satisfies the condition
n^>n^>n^,, and has critical angles 0^ and 0^ for reflection from the film-substrate and
film-cover interfaces, respectively. Now consider increasing the angle of incidence 0.
If 0>0g,0c we obtain the situation shown (figure 3.2), where the wave undergoes total
internal reflection at both interfaces, and once inside, is confined to the film.

n,‘s

Figure 3.2. Wave propagation in a planar slab guide.
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The wave will continue being reflected at 0 all along the guide. This is a 'guided
mode'. The diagram shows only one ray being reflected inside the guide, there are
others too, all parallel to each other and forming two sets of plane waves reflected
back and forth. The rays are normal to the wavefronts (surfaces of constant phase) of
the waves being bounced around. The two sets of plane waves overlapping in the
guide make up the net electromagnetic wave (e.m wave) in the guide, the resultant
wave. The wavelength of the resultant wave is just the distance which separates two
peaks or troughs where the component waves overlap, figure 3.3.

position of peak
of resultant wave

wavefront of component wave

Figure 3.3. Diagram to show the wavefront geometry in a waveguide.
From simple geometry

^
where

=

(3.1-1)

UfSinO

is the resultant wavelength, and n^ is the film index.

The phase velocity of the resultant wave is just the speed at which the peaks in it move
along. It takes one period of the wave to move a distance

so

(3.1-2)

where x is the period of the wave.
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We can write equation (3.1-2) as

where co = — and k =
X

Xo

We can define a propagation constant, (3, for the wave, which will point in the
direction of propagation of the peaks, and from (3.1-1), has magnitude

P = - ^ = knfSin0
Ar

(3.1-4)

Now sin8>nyn^ for a guided mode, so then
kn^<p<kn^
We can define an 'effective guide index' N, where

N = ^ = nfSin0

(3.1-5)

This equation satisfies the condition ng<N<n^.
Thus far we have not placed any restriction on the values which 0 may assume except
that 0>0g, 0g. However certain consistency conditions must be satisfied if the guided
mode is to propagate.
3.1.1 T he self-consistency condition

Figure 3.4 is a plan view of a planar slab guide, showing a ray undergoing total
internal reflection, and the wavefronts associated with it. AC is a wavefront and BD is
a new wavefront. The wavefront BD must have the same phase everywhere, so we
require the condition:
knf(CD-AB)-2(|)c-2(|)s = 2m7t
where (|) and (|) are the phase changes on reflection.
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wavefront

ray

wavefront of
incident wave

Figure 3 .4 . Pictorial representation of the 'self-consistency condition'.

But CD-AB=2h cos0, so the self-consistency condition is
2knfhcos0-2(j)c-2(j)5 = 2m7t

m = 0 ,l,—

(3.1-6)

m is an integer which represents the mode number.
This condition tells us that only certain values of 0 are allowed to make consistent
modes. Equation (3.1-6) is essentially the dispersion equation for the guide. Let us
consider what happens to the fundamental mode, ie. m=0, if the guide is asymmetric,
ie.
This condition holds for a channel waveguide in LiNbOg, where n^»n^.
Rewriting equation (3.1-6), we must solve
27tnfh

_

, , .

(3.1-7)

- ^ COS0 = (|)c

Drawn in Figure (3.5) are the curves for
yi='t>c+<l>!

(solid line)

and

y 2=

27tnfh
-

_
COS0

and the solution occurs when the two intersect
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Figure 3.5. Sketch of a graphical solution of the dispersion equation.
Now, only the portion of the

curve shaded is above the critical angle 0^ of the film-

substrate interface. Therefore in the asymmetric guide if

is too small there will be

no fundamental mode. For a fundamental mode to propagate

must be above a
Aq
certain cut-off value. If there is no fundamental mode there will be no higher modes
either and the larger

is, the more modes we will obtain. In order to obtain a 0)-P
Aq
diagram for the asymmetric slab guide we must evaluate equation (3.1-6) numerically.
To make the results applicable to real cases normalisation is carried out

We can

define a normalised film thickness V
V = kh-^nf -n ^

(3.1-8)

and a normalised guide index b

b=

(Of -Hg)
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b ranges in value from zero at cut-off and approaches unity far away from it. The
asymmetry of the waveguide is defined as

a=

(3.1-10)

the asymmetry measure ranges in value from zero when n^=n^, to infinity when n^f^n^
and ng « n^.
Recalling equation (3.1-6) and simplifying
[3.1-6]

kiifhcosG = m jt4-(|)g 4-(|)(

where

and (j)j. are the phase changes associated with total reflection of the light

from the film-substrate and film-cover interfaces respectively.
The Fresnel equations provide us with the following solutions:
J u f sin^ 8 - ng

(3.1-11)

%-----nfCOS0

•Jnf sin^G-n^
tan(|)c=----------- %----n^cosG

(3.1-12)

Using the well known expression cosG = V l-sin ^ G , and from equation (3.1-5) we
can re-write equation (3.1-6) as
1/2

4-tan

kh(nf^-N ^j^ =mjt4-tan ^

-1

(3.1-13)

n /-N ^

Using equation (3.1-8) we can express h in terms of V to obtain
\l/2
-1

nf —n s y

= mn 4- tan

nf 2 —xt2
N

4- tan'

nf —N''

(3.1-14)

From equation (3.1-9) we obtain the expression
N^ = b(nf2 -n g 2)-Hn,
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Substituting equations (3.1-15) and (3.1-10) into equation (3.1-14), and simplifying
we obtain
\i/2

V(l-b)^^^ = mji-Htan

-1

(1- b )

+ tan

-1

(b + a)
(1- b )

1/2

(3.1-16)

From equation (3.1-16) we can plot a series of curves with the guide index b as a
function of normalised frequency V for various degrees of asymmetry. Figure 3.6 is a
set of dispersion curves for the lowest three TE-mode orders, and for a=0, 1, 10, and
infinity (increasing from left to right)
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Figure 3.6. Dispersion curves for TE modes in a planar slab guide.
The above cut-off conditions apply to TE modes. However the conditions for TM
modes, especially when (n^-nj is small, aie almost identical as long as the asymmetry
measure is redefined as
a
2
0
d — .X
2
0
"c
Of -" s "

(3.1-17)

3.1.2 Goos-Hanchen shift
For the simple case of a plane wave in an isotropic medium the directions of the wave
normal and the ray are the same. The Goos-Hanchen shift that occurs on total
reflection from a dielectric interface is a case where the ray behaves differently from
the wave normal. The reflected ray is shifted laterally relative to the incident ray.
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figure 3.7. To obtain a ray model of light propagation in the waveguide consistent
with the flow of energy, the Goos-Hanchen shift must be incorporated at the filmsubstrate, and the film-cover interfaces.
2z„

±

Figure 3,7. Ray picture of light propagation in a slab guide incorporating the GoosHanchen shifts.
Figure 3.7 shows a ray bouncing back and forth through the guide with lateral shifts
2Zg and 2z^, and ray penetration depths and x^. We can define an effective thickness
hgff, for the guide
hjff = h + x^+x^

(3.1-18)

We use a normalisation analogous to that for V, and define a normalised guide
thickness h^^^ by
H = k h e ffV n 7 ^ ^

(3.1-19)

Through substitution analogous to that for V we obtain

H = V+

'
,1/2

1
(b + a)

'
1/2

(3.1-20)

We can see from this expression that as b tends to zero, that is towards cut-off, H
increases to infinity.
3.1.3 C hannel waveguides
The slab guides discussed so far provide no confinement of the light within the plane
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of the film. Confinement takes place in the x-dimension only. A channel guide
provides additional confinement in the y dimension. This additional confinement leads
to desirable device characteristics such as savings in pump power per unit volume.
Additionally it is required for the design of single-mode structures that are compatible
with single-mode fibres. There are several different types of channel guides which can
be fabricated
including buried channel, raised strip, and embedded strip.
Embedded strips can be made by masked diffusion or ion implantation and is the type
used in the project. This type of guide is relatively simple to fabricate and produces
controllable results. It is the type most frequently used in active waveguide devices.
Goell has analysed buried guides with moderate aspect ratios, where the aspect
ratio is the ratio of the guide width w to the guide height h. Figure 3.8 shows the
dispersion curves obtained by Goell for buried guides.

1.0

f
c

0.8

w/ h

CM

w /h« 2
0.4

(VJ

w / h «1

5 0.2
0

2

6

4

8

V = k h (of^

Figure 3.8. Dispersion curves of a buried channel guide of height h and width w.

The curve with — = oo corresponds to a planar slab guide. For a given V, a reduction
h
in the guide width, corresponds to a decrease in p. This means that the guide becomes
closer to being cut-off.

3.2 WAVEGUIDE FORMATION
3.2.1 Cuts of LiNbOg
Figure 3.9 indicates the two cuts of LiNbOg used in the project, with the waveguide
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channel being embedded into the substrate.

waveguide
channel
z-cut LiNbCL

x-cut LiNbO^

Figure 3.9. Cuts of LiNbO 3, used in the project, indicating the crystal directions.
LiNbOg is a uniaxial crystal (see Chapter 2) with the axis of symmetry defined as the
z-axis (or c-axis). This axis is referred to as the extraordinary axis. In proton
exchanged guides (see section 3.2.2) it is only the extraordinary refractive index, n^,
which is increased, and so the direction of propagation must be perpendicular to the zaxis. In x-cut crystals, where the x-direction is perpendicular to the crystal surface, the
channel must be defined along the y-direction.
3.2.2 Proton exchange w aveguides

Proton exchange waveguides were discovered, by Jackel, et.al. t^l, in 1982 using low
temperature (100-250 ®C) ion exchange of LiNbOg in benzoic acid. This leads to an
increase in the extraordinary refractive index as high as 0.12, whilst the ordinary
index is decreased slightly —0.04. In x-cut LiNbOg this results in a waveguide which
supports TE modes and radiates TM modes into the substrate. The refractive index
profile is step-index, as opposed to graded-index, as in Titanium-diffused
waveguides. The overall reaction may be represented by the equation
LiNbOg 4- xH^ <=> (Li^.^H^NbOg) 4- xLi^

(3.2-1)

where x is the molar composition.
The extent of proton exchange depends on the time and the temperature of the
reaction, and only partial exchange is necessary for waveguide formation. The
transformation of LiNbOg from the rhombohedral to the cubic perovskite structure
was suggested by Megaw in 1954
Later studies by Rice, et al., revealed that the
Li^ to
ion-exchange involves several intermediate phases whose stability depends
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on the concentration of protons in the exchanged crystal. An expression for the ionic
species present in the reaction is as follows
f
xh
V

=

H
(H+ + U+)

The cubic HNbOg perovskite phase becomes stable for Xj^>0.75. All compositions
with 0.55<Xy<0.75 contain mixtures of p and cubic perovskite. The p phase was
shown to exist in four forms depending on the temperature. It was suggested that the
P transitions are responsible for the room-temperature instability of proton exchange
waveguides.
3.2.3 Origin of the change in the refractive index

When ions in a crystalline material eg. Li+ in LiNbOg are exchanged by ions from an
external source eg. H+ from benzoic acid, a change in refractive index may occur due
to the following contributions
(a) a difference in the polarisability of the two
exchanging ions, (b) a difference in ionic size causing changes in stress in the
direction of polarisation of the incident beam, (c) a change in molar volume or density,
(d) polarisation changes in the crystal due to different preferential sites of the
exchanging ions in the lattice, and (e) a change in the lattice parameter due to phase
changes.
Since the polarisabilities of Li+ and H+ are both small, the first contribution can
only cause a slight drop in index. Similarly since
is smaller than Li^, the surface
stress is not significant. The third contribution due to a change in density will cause an
increase in the index, since
is smaller than Li^, however the difference in size is
minimal and cannot account for the large value of An^. Contribution (d) was
suggested by Rice

who proposed that the changes in polarisability of oxygen ions

in different lattice sites, because of the replacement of Li^ with H^, might explain the
index change. Consistent with this suggestion are the results of Rice and Jackel
who reported lattice parameter measurements indicating the displacement of positive
charge along the c-axis. The conclusion is that changes in density, ionic site
preference, and lattice constant all contribute to the index change in proton exchange
waveguides. A recent suggestion by W.Hou et al.,
proposes that the change in
spontaneous polarisation, which can vary the refractive index of the crystal through
the electro-optic effect may be a main factor in the production of such an index
change.
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3.2.4 Buffered melts and annealing

Obvious advantages of the proton exchange process are high An^, single polarisation,
and ease of fabrication. Some practical problems have been identified however.
Proton exchange waveguides fabricated by ion-exchange in pure benzoic acid were
reported to exhibit reduced electro-optic effect, and room temperature instability
[12,13] Exchange in benzoic acid diluted with lithium benzoate
or alternatively
low temperature annealing of samples from pure acid melts
led to stable
waveguides. Spectroscopic measurements [i^l have indicated that hydrogen-bonded
OH is substantially removed by annealing and that its formation is inhibited with
buffered melts. It has been suggested that hydrogen-bonded OH groups are
responsible for many of the problems associated with proton exchange waveguides.
3.2.4.1 B uffered-m elt exchange

Re-writing the equihbrium reaction for proton exchange
LiNbOg + xH+ <=> (Lii.^H^NbOg) + xLi+

(3.2-1)

The term in brackets is the hydroxyl group which forms the waveguide region. The
value of Xis controlled by additives which affect the proton/hthium ion concentration.
Additives push the equilibrium to the left. When potassium nitrate (KNO3) is added,
the only effect besides dilution is to decrease the H^ concentration due to an increase in
the benzoate/benzoic acid ratio. Addition of lithium salts, eg. lithium benzoate, to the
melt has a more dramatic effect on the equilibrium since Li^ is increased along with the
decrease in H^. Differential expansion of the two components can cause the
composition of the melt to change with time. Therefore dilution with lithium benzoate
is a more critical procedure since the concentration must be carefully controlled.
Furthermore if a benzoic acid melt is diluted with greater than ~3 mol% lithium
benzoate, the effective diffusion coefficient is reduced significantly, making
processing time prohibitively long. With KNO3 a concentration of 14 mol% can be
used and the control of this concentration is less critical for processing.
3 .2 .4 .2

A nn ealin g

Proton exchange waveguides fabricated in pure benzoic acid exhibit a large
propagation loss due to increased scattering, and do not couple well to single-mode
fibres owing to a large mismatch in numerical aperture. In order to fabricate largermode proton exchange waveguides, we can use annealed proton exchange. The
annealing method is analogous to the fabrication of Titanium-diffused waveguides in
LiNb03. The first step involves the immersion of the LiNb03 crystal in molten
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benzoic acid to dope a shallow volume of protons near the surface. The number of
protons exchanged into the crystal depends on the melt temperature and on the
duration of immersion. Next the crystal is placed in a diffusion furnace and the crystal
is annealed to diffuse the protons deeper, and decrease the proton concentration and
An^, near the surface. The depth of the diffusion and the reduction in An^ depends on
the temperature and on the duration of annealing. With a short annealing time, say one
hour at 350 ®C, the initial step-index profile is substantially preserved. However as
the annealing time is increased a tail eventually forms at the waveguide-substrate
boundary, indicating a change to a more graded-index profile. It has been reported that
annealing proton exchange guides above 350 results in the formation of a LiNbgOg
phase in the HrLiNbOg region

This growth in LiNbgOg begins when the An^ of

the initial layer lowers to 0.037. Eventually as the annealing time is increased, the
initial layer is destroyed and filled with the LiNbgOg phase. The phase formation in
the annealing process is caused by a deficit of lithium in the crystal due to the
formation of vacancies, and after a time to evaporation of lithium oxide. At 800 to
1000 ®C, Li20 evaporates from lithium niobate at a noticeable rate
The same
process is thought to occur in HiLiNbOg at a lower temperature. The phase change
can be expressed as
3LiNb03

U 2O + LiNbgOg

(3.2-2)

For the x-cut channel waveguides, fabricated for the project, it was found that
annealing for long periods (>2 hours), or repeated annealings, resulted in excessive
waveguide losses. This confirms the observation that annealing for long periods
causes phase changes to occur within the crystal.
3.2.5 T itanium -d iffu sed w aveguides

The fabrication of Titanium diffused waveguides began in 1974 with work by
Schmidt and Kaminow [^il. Since then, many guided-wave devices have been
demonstrated. The advantages of Titanium diffusion are that both the ordinary and
extraordinary indices are increased, and that the important waveguide parameterswaveguide width, depth and peak index change can be independently controlled
through the fabrication parameters. Titanium is deposited by a resistively heated
evaporator, or by electron-beam deposition. Diffusion is carried out at a temperature
from 980

to 1050

in argon or oxygen atmospheres, and for typical diffusion

times of 5 to 15 hours. A low diffusion temperature results in an overly long diffusion
time, while the upper limit is set by the desire to remain below the Curie temperature
(~1200 ®C) to avoid repoling the crystal after diffusion. Although the mechanism for
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the process remains uncertain, Sugui et al.
have suggested that the refractive index
change is due to the increase in polarisability, and to the photoelastic effect caused by
the different size of the titanium and niobium ions. The refractive index change
depends on the titanium concentration, however in a way that is different for the
ordinary and extraordinary index. At low titanium concentrations nQ varies linearly
with titanium concentration but saturates for larger values. The value of n^ is
essentially linear with respect to the titanium concentration. One problem with
Titanium diffused waveguides is out-diffusion of Li20 from the crystal surface. This
causes unwanted planar guiding for the extraordinary polarisation. One technique for
reducing out-diffusion is the use of a water vapour treatment during the diffusion.
Other techniques include the use of a powdered lithium niobate source upstream from
the crystal in an open tube furnace
or the use of a platinum box to enclose the
crystal during diffusion. These techniques, whilst not completely eliminating outdiffusion, keep unwanted planar guiding to a minimum. Cool down after diffusion is
performed in flowing oxygen to allow re-oxidation of the crystal, compensating for
oxygen loss during diffusion. The index change An for Titanium diffused waveguides
is typically 0.01, a factor of ten less than unannealed proton exchange guides. The
guide depth is correspondingly 4 to 5 |im for single-mode guides, leading to better
fibre-waveguide coupling.

3.3 LOSSES IN OPTICAL W AVEGUIDES

There are in general three loss mechanisms to consider; scattering, absorption, and
radiation. If the optical field is viewed as a flux of photons, then the photons can be
either scattered, absorbed or radiated, as the optical beam passes through the guide.
The result of these processes is the attenuation of the power in the optical beam. When
photons are scattered or radiated they change their direction of travel and are thus lost
from the optical beam. When photons are absorbed they give up their energy to the
atoms of the absorbing material.
3.3.1 A bsorption loss

In crystalline ferroelectric materials, such as lithium niobate, absorption losses are
generally negligible compared to scattering loss, unless contaminant atoms are
present. In Nd:MgO:LiNbOg the dopant atoms contribute to the gain of the medium
(see Chapter 4.1).
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3.3.2 R adiation loss

This loss occurs when optical energy is lost from the waveguide modes into the
substrate or air. Radiation losses from channel waveguides are small for well-confined
modes that are well above cut-off. At cut-off, all of the energy is transferred to the
substrate radiation modes. Since the higher-order modes are closer to cut-off than the
lower-order modes, radiation loss is greater for higher-order modes. Waveguide
inhomogeneities can cause energy to couple from lower-order to higher-order modes,
however this is not encountered in waveguides of good quality.
3.3.3 Scattering loss

Scattering loss can be of two types; volume scattering and surface scattering.
3.3.3.1 V olum e scattering

Volume scattering is caused by imperfections within the volume of the waveguide.
These can be voids, contaminant atoms, or crystalline defects. The magnitude of
volume scattering loss depends on the relative size of the imperfections compared with
the wavelength of light in the material. In general, volume imperfections are small
compared to wavelength, and are few in number. Therefore volume scattering loss is
negligible compared to surface scattering loss.
3.3.3.2 Surface scattering loss [241

This loss results from scattering from surface imperfections. Consider the ray
approach to a guided wave. A wave travelling in a guide experiences many bounces
(see Figure 3.10).
He
Ax

z-0

n.

Figure 3.10 . Diagram of surface scattering in a channel guide.
Scattering loss occurs at each reflection. 0 is larger for the higher-order modes and
because of more reflections at the surface per unit length, they experience greater loss.
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The intensity at any point along the length of the waveguide is given by
I(z) = Ioe‘ “"

(3.3-1)

where Iq is the initial intensity at z=0, a is the attenuation coefficient, and z is the
distance along the guide
Surface scattering is the main loss mechanism in dielectric film guides. The loss is
consistent with surface variations of ~0.1 |im, which are typical in deposited thin-film
waveguides. Waveguides with the optical mode buried below the surface of the
substrate have advantages over those in which the mode lies at the surface. Losses
resulting from surface imperfections are diminished, since little optical power is
present at the surface. A reverse exchange method for burying proton exchange guides
has exhibited a loss of 0.6 dB/cm, compared to 0.9 dB/cm loss for surface
waveguides
3.3.4 M easurem ent o f w aveguide losses

A simple method for estimating waveguide loss is to introduce a known optical power
into one end of the waveguide and measure the power emerging from the other end.
There are however problems associated with this approach. One problem is that the
coupling loss to the waveguide is not generally known. Additionally, if the waveguide
is multimode, losses associated with individual modes cannot be determined.
3.3.4.1 E nd-fire coupling to waveguides o f different length

Light of the desired wavelength is focused into the waveguide and the total power
transmitted is measured. The measurement is taken with a relatively long sample.
Then the sample is repetitively shortened by polishing and the measurement repeated.
Care must be taken before each measurement to align the laser beam and the sample
for maximum output power corresponding to optimum coupling. The data can then be
plotted on semilog paper and the loss coefficient can be determined from the slope of
the graph. The loss coefficient a is given by

a =

where £2 > £i

i2 -ii

Pj, ?2 are the transmitted powers for waveguides of two different lengths

(3.3-2)

^2-

The method described above is simple to follow and reasonably accurate. However it
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does have disadvantages. The process is destructive with the sample having to be
repetitively cut. In addition, no discrimination is made between the losses in different
modes. The technique is most useful for single-mode guides.
3 3.4.2 F ibre-probe technique [261

Since scattering loss is the dominant mechanism in LiNbOg waveguides it is possible
to separately determine scattering loss by collecting and measuring the scattered light
with an apertured detector. The loss measured is then taken as the total waveguide
loss, neglecting absorption and radiation loss. In practice a photodiode, coupled to an
optical fibre collects the light scattered from the guide. The fibre is held normal to the
guide and tracked along its length so that a plot of the relative scattered power against
the length can be made. The slope of this graph can be used to determine the loss per
unit length. Since this technique assumes that the scattering centres are uniformly
distributed it is not necessary to collect all of the scattered light. It is only required that
the detector aperture be constant. To ensure this, the gap between the fibre end-face
and waveguide surface must be kept constant. The fibre-probe technique is most
accurate for waveguides with large scattering losses >1 dB/cm.
3.3 4.3 Loss measured by the contrast o f Fabry-Perot resonances

This technique has been refined by Regener and Sohler
It consists of a polarised
single-frequency He-Ne laser which is end-fire coupled to a low-finesse waveguide
resonator, placed in a small crystal oven. A photodiode measures the transmitted
intensity as a function of the crystal temperature. The transmitted intensity varies
periodically with the optical phase difference, which can be tuned by the temperature.
The contrast K of the Fabry-Perot resonances is given by
K = I™xZlmin.
I^max ~ ^min
T

(3.3-3)

-I-

where I^^^ and I^^-^ are the maximum and minimum intensities respectively. K is
independent of the coupling efficiency, and the incident beam intensity. It is a function
of the loss reflection factor R, where

K =- ^

or in terms of R
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R = T ( 1 - V i -K^)
K.

(3.3-5)

R=R exp(-a^)

(3.3-6)

for small K, R-K/2.
Now R can be written as

where R is the mode reflectivity, and I is the length of the waveguide. The mode
reflectivity can be approximated for diffused guides by

R=

(3.3-7)

Teff _Ll y

where n^^^ is the effective index of the guide.
Equation (3.3-7) assumes perfect end-faces otherwise, due to imperfect polishing,
their reflectivity is lower.
Rearranging equation (3.3-6) in terms of a we obtain
a = 4-34(lnR InR)

(in dB/cm)

(3.3-8)

The error in the attenuation coefficient calculated by this method decreases with
increased contrast and therefore lower attenuation. We have assumed that a single
frequency source has been used. However, and especially with a high power He-Ne
laser, in general more than one mode exists and this leads to a reduction in the contrast
of the Fabry-Perot resonances. Using this source would therefore give a larger value
for the attenuation coefficient.

3.4 W AVEGUIDE COUPLING METHODS
3.4.1 T ransverse coupling

This is the most direct method of coupling. The laser pump beam is converted into a
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guided mode by matching the laser field to a mode of the guide. For the TEq mode
which has a jGaussian profile similar to that of the laser beam, the coupling can be
achieved with a lens as shown in Figure 3.11.

air
film
substrate
mode profile
Figure 3.11. Diagram of the end-fire coupling technique.
The advantages of this coupling technique are convenience and simplicity. There are
disadvantages however. If there is a mismatch between the profile of the incident
beam and the guided mode shape there will be losses to higher-order guided modes,
or to radiation modes. The guide boundary (the end-face) must be clean and flat to a
high degree of accuracy, or else severe losses will be incurred. Finally the input beam
must be accurately positioned with respect to the film, since the film thickness is of the
order of one micron.
3.4.2 C alculation of the coupling efficiency (butt-coupling)

Bums [28] attempted to estimate the coupling efficiency between a GaAlAs laser diode
and a Titanium-diffused LiNbOg waveguide. To calculate the coupling efficiency it is
necessary to model the electric field distribution of both the waveguide mode and the
output of the laser diode. In the direction perpendicular to the junction plane the beam
emitted by a laser diode can be approximated by a Gaussian. Similarly the
fundamental mode of a graded-index waveguide can be approximated by a Gaussian.
The maximum coupling efficiency between the two fields is given by

T| =

2
(Of

)

(3.4-1)

where 2(0^ is the full-width of the|Gaussian field at the 1/e points for the film, and
2c0ql is the full-width of the laser diode field. Equation (3.4-1) corresponds to the
case of perfect alignment and zero separation between the laser and the waveguide.
For other cases, coupling efficiency will be degraded. For a single-mode waveguide
with a minimum co^of 1.2 pm, the corresponding coupling efficiency calculated by
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Burns is 50%. For a typical waveguide, the greatest coupling efficiency will result
from using a laser diode with a large mode size. In addition, some conection for
astigmatism might be necessary in typical gain-guided laser devices.
3.4.3 The prism coupler
The alternative type of coupler is the longitudinal coupler in which the beam is incident
obliquely onto the waveguide. We cannot simply shine the laser onto the side of the
guide and expect the beam to be refracted into the film to form a mode. Any mode
must have
13,4-2)

Hf nf
but from Snell's law n^sinG^ = n^inG^, where G- is the incident angle.
Therefore the lai gest value of G^ possible for any real value of G- is given by

(3.4-3)

sin(max) - —

nf

We cannot satisfy equation (3.4-2) and (3.4-3) simultaneously, and so a mode cannot
be generated for any real value of Gj.

Prism

Air

PRISM
FIELD

FILM
FIELD

Figure 3.12. Diagram showing the coupling of light into a guide with a prism.
Figure 3.12 shows the principle of the prism coupler. A prism of refractive index
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np>rij- is positioned a distance d from the film. In practice this seperation is achieved
by dust particles on the surface of the film. The film is brought near enough to the
prism to achieve total internal reflection into the film, at 0^, satisfying
Ilf sinBf = n sin0

(3.4-4)

The above equation is termed the phase matching condition. It requires that the
components of the phase velocities of the waves in the z-diiection be the same in both
film and prism. The field distributions in the prism and in the film show that their
evanescent fields overlap each other in the gap region. Although 0^ must be caiefully
chosen in order to couple to a given mode, a single prism can be used to couple to
many different modes by merely changing the angle of incidence of the optical beam,
figure 3.13.

Output-coupling
prism

Polariser

/
Input-coupling
prism
'

Substrate

Screen

I I Pressure
point

II
Figure 3.13.

Experimental arrangement for the prism-coupling technique , and the

appearance of the modal stripes on a screen.

In the experiment the prism and sample are clamped onto a prism table which itself
rotates relative to the incident beam. It is important that the edge of the beam should
just intersect the comer of the input-coupling prism, otherwise there will be a region
of the coupling length where radiation is coupled back into the prism from the film.
By correlating the measured values of the synchronous directions with a theoretical
calculation on the waveguide modes, the refractive index and the thickness of the film
can be detemiined independently.
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3.5 WAVEGUIDE ANALYSIS
3.5.1 Planar slab guide

It has been shown that the index profile in a proton exchange waveguide is nearly a
step function
With a short annealing time the initial step index profile is preserved.
In the following analysis we shall assume that the waveguide has such a profile and
utilise the algebraic solutions obtained in section 3.1.1.
Expressing equation (3.1-13) in terms of the waveguide depth h, we obtain

h=

2n

mjc + tan

-1

4-tan

2 Y/2

-1

(3.5-1)

n ^ -N '

(n ? -N ^ r

Now from a prism coupling experiment the effective index N for each mode can be
determined. Let us assume that a waveguide supports a minimum of two modes with
Nj being the effective index of the fundamental mode, and N2 that of the first order
mode. Re-writing equation (3.5-1) for each mode in turn we obtain

tan

h=

2\l/2
2\ l /2
N f-n ^
N f-n ,
4-tan -1
H f-N ?

-1

(3.5-2)

and
2\l/2

h=

714-tan

2jt

-1

4- tan

-1

^ N ^ -n 2 \

1/2

(3.5-3)

Equating (3.5-2) and (3.5-3) we obtain

tan

-1

4-tan

N f-1

-1

\ l /2

^ n |- N U

1

1/2

714-tan

-1

-1

-Htan

where we have eliminated X/2k, and taken n. as 1.

62

Ni-I

y / 2'
(3.5-4)

3: WAVEGUIDE THEORY AND PRACTICE

All the quantities in equation (3.5-1) are known, except h and n^. By equating both
sides of equation (3.5-4) we obtain a value for n^ and then we can substitute this
value for n^ in equation (3.5-2) or (3.5-3) to obtain the waveguide depth h. Once n^ is
determined, its value is treated as a constant fitting parameter. Inserting this value of n^
into equation (3.5-1) we can obtain the depth h for each mode in turn. We can then
obtain a refractive index profile for the waveguide (at X=633 nm), with index change
An=N^-n^ as a function of depth. Figure 3.14 is just such a profile for an undoped xcut slab waveguide exchanged in a 14% molar KNOg-benzoic acid mixture. We can
see from this graph the general shape of the step-index profile, with an index change
An^ of 0.11 at the surface. The value of h calculated is used to determine an effective
diffusion coefficient D defined by the relation

(3.5-5)
where t is the exchange time in hours.
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Figure 3.14 . Refractive index profile for a proton exchange waveguide.
Let us now consider two examples of planar slab waveguides, the first fabricated in xcut LiNbOg, and the second in x-cut Nd:MgO:LiNbOg. Both samples were exchanged
in the same mixture of 14% molar KNOg-benzoic acid, at 235% for one hour. The
results from prism coupling measurements on each sample, using a TE polarised HeNe laser, are shown in table 3.1.
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mode number
Nj
N2
N3
N4

undoped LiNbO^ (n =22022) Nd:MgO:LiNbO^ (ns=2.1900)
2.3054
2.2992
2.2887
2.2640
2.2287

2.2719
2.2265

Table 3.1. p/k results for undoped and doped LiNbC^ (at X=633 nm).
From the analysis discussed above we can calculate n^ and h for each sample. For the
undoped sample n^2.311; h=1.75 |im, and for the doped sample n^2.308; h=1.37
jim. From equation (3.5-5) we find the value of D to be 0.77 |im^/hr, and 0.47
|Lim^/hr respectively. Comparing these values to samples exchanged in neat-melt
benzoic acid we find that the diffusion coefficient for the undoped sample is 0.90 that
of neat-melt exchange This indicates, as suspected, that exchanging in 14% molar
KNO3 only slightly decreases the diffusion rate. Compare this with benzoic acid
diluted with 1% lithium benzoate which decreases the diffusion rate by a factor of -10
The doped sample has a diffusion coefficient 0.61 that of the undoped sample
indicating that the presence of the dopant atoms significantly slows down the diffusion
rate. This has also been confirmed by A. Loni et al.,
where the waveguides
formed in the dopedsubstrates had substantially smallerdiffusion coefficients
compared towaveguidesformed in congruent LiNb03. ^hese differences are
presumably related to slight differences between the crystalline structures of undoped
and Nd:MgO-doped LiNb03.
3.5.2 Channel w aveguide (Effective index method)

The analysis of section 3.5.1 considered a planar slab waveguide. We will now apply
the effective index method, first proposed by Knox and Toulios
analyse a channel waveguide.
The first step is to determine the normalised thickness
Vf = k h ^ n |- n ^

in order to

of the channel guide
(3.5-6)

From available slab-guide results, for example figure 3.6, we can determine the
normalised guide index bf. Next we determine the coiTesponding effective index N^.
From equation (3.1-9) we can obtain
Nf = n 2 + b f ( n |- n 2 )
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The effective index method regards the slab-guide from the top view as equivalent to
the actual channel guide. We determine the normalised width
of the equivalent
slab-guide

V

e q

= kw ^(N ^-n^) = kw ^bf(n?-ti2)

(3.5-8)

where w is the width of the channel.
From available slab-guide results the noiTnalised guide index b^^ of the equivalent
guide is determined. The final step determines the effective index
guide and equates it with the effective index N of the channel guide
+ b,, (n ? -

)

of the equivalent

(3.5-9)

We can use this value for the effective index of the channel guide to determine the
depth from equation (3.5-1).
Let us now consider an example of the method. 4 qm wide channels fabricated in xcut Nd:MgO:LiNbOg, exchanged for 65 minutes at 206
and then annealed for 80
minutes at 350
presented the following p/k data (at 633 nm):
Nj=2.2285, N2=2.2276, Ng=2.2072
From the slab-guide analysis of section 3.5.1 the value of n^ is 2.2407, indicating an
index change An^ of -0.051. From equation (3.5-1) the guide depth is found to be
2.42 |im.
The normalised thickness
of the channel guide given by equation (3.5-6) is 11.4,
and from (figure 3.6), b^ is estimated to be 0.94.
The corresponding effective index N^, from equation (3.5-7), is 2.2377, and the
normalised width
of the equivalent slab-guide from equation (3.5-8) is 18.2, from
which we obtain a normalised guide index b^^ of 0.98.
Putting this value for b^^ into equation (3.5-9) we obtain

the effective index of

the channel guide, as 2.2368.
Now using this value for the effective index, the depth of the channel guide, obtained
from equation (3.5-1), is 2.13 qm.
The effective index method is most useful for step-index guides having few modes.
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The alternative method for analysing channel waveguides, the WKB method, is less
accurate for two or three-moded guides.

3.6 WAVEGUIDE FABRICATION
The sample cleaning and the photolithograpic stages were all perfoirned under clean
room conditions, maintained to class 100

3.6.1 Sample preparation
The wafer of Lithium niobate was cut into smaller sections, 12 by 15 mm in size, with
a diamond saw. For an x-cut wafer, as we have seen, the propagation direction must
be along the y-axis, and so the orientation of the cutter is important. The sample was
then carefully cleaned to remove contaminants, and to degrease the surface. Since a
contact process is used to define the waveguides, this stage is critical. A cotton bud
dipped in solvent was gently wiped across the surface of the sample, and then the
surface was blown diy with filtered nitrogen gas. Alternately acetone, IPA, and
trichloroethane was used to degrease the surface. Then the sample was placed in a
warm H2O2/H2SO4 mixture to remove fine particulates.

3.6.2 Photolithography (etching process)
Figure 3.15 shows the basic steps involved in the photolithographic etching process

1. Evaporate aluminium:

2. Spin photoresist:

substiate
V/////A photoresist
3. Expose waveguide pattern.

Figure 3.15.

4. Etch and remove
photoresist:

m m m aluminium

Etching process for waveguide fabrication.

The cleaned sample was mounted onto a glass slide and placed into a vacuum
chamber. At a pressure of 10'^ T o it, aluminium was resistively evaporated onto the
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surface to a thickness of 100 nm. Since the aluminium acts as a mask in the proton
exchange process a relatively thick layer was necessary. The sample was next placed
on the chuck of the spinner and photoresist (microposit 1400) was deposited on the
surface of the sample through a filtered syringe. The sample was then spun at 4000
rpm for twenty seconds, and then baked in an 85
oven for twenty minutes. A
dark-field (positive) mask with the desired waveguide pattern was cleaned in a similar
manner to the sample. The mask was vacuum-chucked onto a plate placed in the mask
aligner (Zeiss instruments). The sample was positioned underneath this mask and
brought into contact with it. A lever on the mask-aligner releases this contact by -50
|xm, to allow accurate positioning of the sample relative to the channels on the mask.
An illuminated microscope mounted over the mask allows these adjustments to be
made visually. The sample was then brought into contact with the mask and exposed
to eight seconds of ultraviolet light. The pattern imprinted onto the sample was then
developed in microposit 310 developer for two minutes. This removed the photoresist
from the exposed regions. The sample was inspected under the microscope (using a
safelight filter) to determine the uniformity of the developing process. After
development the sample was placed in aluminium etch to selectively etch away the
aluminium in the regions exposed under the mask, leaving a set of waveguide
channels. Finally the sample was rinsed in acetone to remove thephotoresistleaving it
ready for the next stage:proton exchange.
3.6.3 Annealed proton exchange
The etched metal pattern created on the surface of the substrate acted as a mask for the
proton exchange. The proton exchange process consisted of immersing the substrate
into the melt containing the protonic source ie. benzoic acid plus KNO3 (a new
mixture being prepared for each sample processing). The apparatus used consisted of
a stainless steel vessel, with a sealed cover, which sits in a fluidised sand bath. The
temperature of the bath could be maintained to an accuracy of 1 °C by a thermostat and
a platinum resistance thermocouple monitored the temperature. The vessel was filled
with the required mixture to a depth of - 2 cm, and a stainless steel boat containing the
sample was held just above the melt. When the required process temperature, typically
200 ®C, was reached the boat was lowered into the melt. When the processing time
was complete, the boat was raised to a position just above the melt, in order to allow
cool-down. This action prevents thermal shock to the sample thus reducing the
possibility of cracks forming. After allowing the sample to cool down, it was rinsed
with methanol to remove excess benzoic acid, and then placed in aluminium etch to
remove the aluminium mask. The sample was then placed in the centre of the diffusion
furnace and heated up to 350

at a rate of 5 degrees/minute. The sample was
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annealed at this temperature with an oxygen flow of 0.5 litres/minute. This flow rate
was maintained throughout the cool-down phase.
3.6.4 Photolithography (lift-off process)
Figure 3.16 shows the basic steps involved in the lift-off photolithographic process.

1. Spin photoresist:

2. Expose waveguide pattern:
zza 1^3 Tzzzi Tzzn

substrate
Y Y /////À

3. Evaporate titanium.

4. Lift-off:

photoresist
titanium

Fig 3.16 . Lift-off process for waveguide fabrication.

The fabrication of Titanium diffused waveguides was by lift-off patterning. The
sample was carefully cleaned and spun with photoresist. A positive mask with the
desired waveguide pattern was placed in contact with the sample which was exposed
to UV light. Upon developing to remove the exposed photoresist, a set of waveguide
channels were left in the photoresist. The sample was then placed in a plasma etcher
which was conditioned for oxygen. This step removes a thin layer of photoresist from
the surface of the sample to ensure that the titanium adheres to the surface. Titanium
was then deposited over the entire sample by using a resistively heated evaporator. A
crystal monitor provided an indication of the approximate thickness, and a Talystep
was used to accurately measure the titanium thickness. The sample was then placed in
acetone, which removes the photoresist and the unwanted titanium, leaving the desired
strips of titanium.
3.6.5 Titanium diffusion
After the lift-off process was completed, the diffusion was carried out. This involved
placing the sample into a platinum box, which is inert at the high temperatures used in
the diffusion. Inside the box some crushed lithium niobate powder was spread out
beneath a lithium niobate wafer. The sample was then placed on top of the wafer, and
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the end of the box was paiTially sealed up. The purpose of the crushed powder is to
create an overpressure of Li20, thus minimising the out-diffusion. The box containing
the sample was then placed in the centre of a quartz tube furnace. The temperature of
the furnace was taken up in steps of 7
per minute in order to prevent thermal
shock. As the diffusion time was completed flowing oxygen at a rate of 0.25 1/min
was passed through the tube, and the sample allowed to cool down slowly.

3.7 POLISHING
3.7.1 Polishing procedure
The crystal end-faces were prepared for end-fire coupling by careful polishing.
Chipping during lapping and polishing was avoided by epoxying lithium niobate
cover plates on top of the sample. To avoid rounding during polishing, the gap
between the two lithium niobate plates should be of the order of one micron.
Furthermore in laser applications the alignment of the mirrors is important. If the
mirrors aie not aligned parallel to each other then the light beam will walk-off and
become lossy. Steps were taken in order to achieve this accuracy. Firstly, in the mask
alignment stage, the sample was accurately positioned so that the stripes of the mask
ran paiallel to the edges of the sample. Secondly, in the polishing stage, the sample
was waxed onto an aluminium Vee-block. This in turn made a tight fit within a metal
jig, (see Figure 3.17). A pressure sensor was tiacked along the block face in order to
measure the flatness. An accuracy of better than one arcminute ( -0.02 °) could be
achieved per face. With a maximum enor, in the mask alignment stage, of 0.30
degrees, the worst case enor for misalignment is -0.40degiees.
aluminium
vee-block

cover plate
sample

Figure 3.17.

Diagram of the polishing Jig arrangement.

The rough polishing was performed on a wetted glass surface, with carborundum
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powder being mixed up to form a paste. Using a figure of eight polishing motion, and
starting off with the coarsest grade of carborundum, the polishing was continued until
all the scratches were removed from the sample. Then after removing all traces of the
polishing agent, a finer grade of carborundum was used and the procedure repeated.
The rough polishing was completed with a grade 1000 powder. The final polishing
was performed on a polyurethane lap, with silica-sol used as a polishing agent

It

was particularly important to wash the sample thoroughly after this stage, to remove
all traces of the silica-sol slurry.
3.7.2 Alignment erro r calculation
By invoking interference theory we can make an estimate of the loss due to the
polished end-faces not being fully perpendicular to the waveguide. Figure 3.18 is a
top view of the end of a waveguide showing an angular misalignment

waveguide

w

Figure 3.18. Definition of the waveguide alignment error.
In the figure, w is the width of the waveguide, 0 is the angular misalignment, and (|) is
the phase error
As a light wave is reflected from the end of the waveguide it has a linear phase ramp
imposed upon it. The total round-trip phase error imposed on the wave is given by

(|) = 2 X y p 0

(3.7-1)

For a well-confined mode the modal field is concentrated within the width of the
waveguide. For a less confined mode the field extends further into the adjoining
regions. If we make the approximation that the waveguide mode is fitted by a
rectangular function, we can derive the an equation for the reflected light intensity as a
function of the angle 0.
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The fraction of the light intensity reflected from the end of the waveguide, with a
misaligned end face is given by the following equation

1=

^sin[39w^^
pew y

(3.7-2)

The loss in decibels is then given by
loss(dB) = -10 log I

(3.7-3)

Now, the propagation constant p=Nk, where N is the effective index of the guided
mode, and k=27t/lQ
Using the following data we can calculate the loss as a function of the angular
misalignment 0:
w=4.5 pm, N=2.2 (at 1pm), and X,=1.084 pm

Figui'e 3.19 is a graph of the loss as a function of the angular misalignment

12
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Angular misalignment (deg.)

Figure 3.19

. The loss due to alignment error for a channel waveguide of width

71

4.5

pm

3: WAVEGUIDE THEORY AND PRACTICE

We can see from this graph that our alignment error of 0.40 degrees corresponds to a
loss of approximately! 0.3 dB.
In this analysis we have considered only the width w of the waveguide. If figure 3.18
represents a side view, then w becomes the depth of the waveguide and another
possible alignment loss is apparent. However equation (3.7-2) indicates that, for the
same value of m, a smaller value for w results in a smaller angular error 0. Since the
depth is typically 1.8 |im compared to a width of 4.5 jim, the depth dependent loss is
less significant.
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CHAPTER 4
Laser Theory

In order for most lasers to operate, three basic conditions must be satisfied. Firstly,
there must be an active medium, that is, a collection of atoms or ions emitting in the
optical region of the electromagnetic spectmm. Secondly, a population inversion must
be created and this is achieved by a process known as pumping. Finally, for true laser
oscillation, there must be some form of optical feedback present in the system.

4.1 THE ACTIVE MEDIUM
Consider, for simplicity, that the atoms in an active medium are characterised by two
energy states: theground state with an energy level Ej and anexcited state with an
energy E2, whereE2>E^. If there are N2 atoms in a collection with energy E2, the
number of atoms per second that undergo spontaneous emission is given by
spontaneous emission rate = N2A21

(4.1-1)

where A21 is the Einstein coefficient of spontaneous emission.
If there are Nj atoms in a collection with energy Ej, then the upward transition rate is
proportional to both Nj and the spectral density of radiation energy
at the transition
frequency V21,
stimulated absorption rate = NipyBi2

(4.1-2)

where Bj2 is the Einstein coefficient of stimulated absorption.
Similarly, the rate at which stimulated emission takes place is proportional to the
number of atoms in the excited state E2 and the spectral radiation density
stimulated emission rate = N2PVB21
where B21 is a constant for the pair of energy levels involved.
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By considering the condition for the collection of atoms to be in thermal equilibrium,
we must have
(4.1-4)

N iP v B i2 - N2PVB21 + N2A21

Because the system is in equilibrium, the radiation within the collection must be
identical to blackbody radiation at temperature T. The radiation density is given by 1^1
Sttn^hv^

1

Pv -

(4.1-5)

-1

where n is the refractive index of the medium, and k is the Boltzmann constant
Using equations (4.1-4) and (4.1-5) we obtain

STcn^hv^

N- ®21c3(e'’"/kT_i) + A21 = Ni B

Now in thermal equilibrium, the ratio

is given by the Boltzmann factor

(4.1-6)

as

Ni
^ 2 _ _-hv/kT

(4.1-7)

Ni
Substituting equation (4.1-7) into equation (4.1-6) and simplifying we obtain
Sjcn^hv^

'21

hv/kT

-p

(4.1-8)

“ ^21

Now equation (4.1-8) can only be satisfied when

(4.1-9)

®12“ ®21
and simultaneously

A?i
21 -=^ B
2 1

8%n^hv^
----------------
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Equations (4.1-9) and (4.1-10) are known as the Einstein relations. From equation
(4.1-10) we can evaluate the ratio of the rates of spontaneous and stimulated emission
for a pair of energy levels in thermal equihbrium with the radiation. This ratio is

N 2A 21

_

N2B21PV

S jtn ^ h v ^

(4.1-11)

Pvc'

Substituting for p from equation (4.1-5) gives
R=ehv/kT-l

(4.1-12)

For a source at room temperature and emitting in the optical spectrum, R is typically
1X10^. We can deduce from this that under conditions of thermal equilibrium the
amount of stimulated emission is negligible. So far we have discussed transitions
between a pair of energy levels E2 and Ej. In real atomic systems many energy levels
exist and transitions can occur between any of these states. For such systems the
Einstein relations can be redefined for each pair of levels. In practice, however, we
usually reduce the total number of relevant energy levels to three or four.

4.2 ABSORPTION AND GAIN
Consider a collimated beam of monochromatic radiation passing through an absorbing
medium, figure (4.1) and assume that there is only a single radiative transition,
between energy levels Ej and E2.
I(z+Az)

I(z)

INCIDENT

RADIATION

1(0)
Figure 4.1. Passage of radiation through an absorbing medium.
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For a homogeneous medium, the change in irradiance AI(z) is proportional to both Az
and I(z), and so we may write
AI(z) = -aI(z)Az

(4.2-1)

where a is the absorption coefficient.
Rewriting equation (4.2-1) in a differential form, we obtain

= -al(z )

(4.2-2)

I(z) = Ioe-“"

(4.2-3)

dz
which on integration becomes

where Iq is the irradiance of the incident beam.
In thermal equilibrium, with Nj>N2, the irradiance of the beam will decrease
exponentially as it traverses the medium. If however N2 is made greater than N^, a
population inversion is created, then a will become negative and according to equation
(4.2-3) the irradiance of the beam grows exponentially.
We can write an expression for the net number q, of photons lost per second to the
collimated beam as it crosses a volume element of thickness Az

- ^ = ( N i- N 2)PvB2i

(4.2-4)

In the above equations we have ignored spontaneous emission since such light,
emitted in all directions, has a negligible contribution to the beam. The energy density
of the light beam is related to the irradiance of the beam by

c

Rewriting equation (4.2-4) in terms of the irradiance of the light beam, we obtain

~

= B2i ( N ,- N 2) ^
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We can also express the change in photon density within the beam, between z and
z+Az, as
- ^

(4 .2 - 6 )

= [I(z)-I(z + A z )]A

where A is the cross-sectional area of the beam.
Equating expressions (4.2-5) and (4.2-6), and for small values of Az we can write

_ M î ) a z A = B 2i ( N i - N 2 ) ^ ^

dz

hv

(4 .2 - 7)

c

Substituting equation (4.2-2) into this expression, and solving for a, we obtain

a = B21 (Ni - N 2) 1Ü1V ^ B2i(g\Ci
AAz
c

(4-2-8)
c

and 9{j2 = —^ represent the number of atoms per unit volume, or
AAz
AAz
atomic population densities, of the energy states.
where % =

Normally

is greater than 9 ^ in equation (4.2-8), a ispositive and absorption

occurs. Let us suppose, however, that we create a conditionwhereis greater than
fA^. Then a is negative and equation (4.2-8) now becomes

7 = 821(5^2 - 5^6 ) ^

(4.2-9)

where T=-a, and is called the small-signal gain coefficient.
Substituting equation (4.1-10) into this expression, and simplifying we obtain

where t^po^^ =

is the spontaneous lifetime associated with the transition 2-» 1.
^21
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4.3 CREATING A POPULATION INVERSION
As noted in section 4.2, y is usually negative. It is possible by a process known as
pumping to reverse the situation and make y positive leading to amplification of the
light beam. This involves creating a condition where the population of the upper
energy state exceeds that of the lower energy state, a population inversion. There are
several ways of pumping a collection of atoms to an inverted state including optical
pumping, passage of a current, and collisions with an electrical discharge. We must
first note that a population inversion cannot be achieved by optical pumping of the
two-level system disussed so far. Because 6 ^2=62^ the best we can achieve is to
populate the upper and lower levels equally. Optical pumping requires either a three or
four-level system. The three-level system, for example the ruby laser, is an inefficient
system since the terminal state of the laser transition is the ground state, and more than
half of the ground state atoms must be pumped to the upper state to achieve population
inversion. In fact, for this reason, the ruby laser can only be operated on a pulsed
basis
The pumping requirements can be reduced by using a four-level pumping
scheme, as in the Nd:MgO:LiNbOg system, figure 4.2

E

E3
fast decay

pump
/

LASER TRANSITION

fast decay
E,"0
N

Figure 4.2.

Population o f energy levels in a four-level laser system.

Pump excitation lifts atoms from the ground state Eq to level E3, where they decay
rapidly to level E2. Now level E2 is a metastable level, it is the upper state of a
forbidden transition, and so the population of this state grows rapidly. There now
exists a population inversion between E2 and E^, and if the lifetime of the transition
from level Ej to Eq is short, then the population inversion can be maintained with only
modest pumping.
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4.4

LIN ESH APE BROADENING

4.4.1 The Lineshape function

In our derivation of the small signal gain in section (4.2) we assumed that all the
radiation present was concentrated at the resonance frequency. In reality absorption
and emission occurs over a range of frequencies which span the atomic linewidth.
Thus a and y are functions of frequency, a(v ) and y(v). To account for this
frequency dependence we must therefore replace our earlier definition for a with the
relation

a (v ) = B 2 i( r v ; ,- 3 \t 2 ) ^ g ( v )

(4.4-1)

where g(v), the lineshape function, contains all the frequency dependence of a.
We may define g(v)dv as the probability that a given transition between two energy
levels will result in the emission (or absorption) of a photon whose frequency lies
between v and v+dv. It is normalised such that

|g(v)dv = L

Consistent with equation (4.2-10) y has a similar dependence on v

7(v) =

- 5\Ci)— g(v) =
C

g(v)
«Ttn V

(4.4-2)

t s p o n t

The form of the lineshape function g(v) depends on the particular mechanism
responsible for the spectral broadening in a given transition.
4.4.2 B roadening m echanism s

There are two types of broadening; homogeneous and inhomogeneous, the
mathematics of which are outlined in
4.4.2.1 H om ogeneous broadening

In homogeneous broadening every atom in the collection has the same transition centre
frequency and the same resonance lineshape. This type of broadening includes
natural, collision, and phonon broadening. Natural broadening has its origin in the
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phenomenon of spontaneous emission, and is an inevitable feature of any transition.
In a solid-state laser it is considered to be negligible. The laser linewidth in a solidstate laser is predominantly due to collisions of the ions with the lattice phonons,
which explains the rapid increase of linewidth with temperature
The shape of the
line is well approximated by a Lorentzian. The linewidths of the transitions in
Nd:MgO:LiNbOg (AVq=16.7 cm'^), are substantially greater than those in Nd:YAG
(AVq=6.5 cm'^). This can be attributed to the two distinct sites for the Nd^"*" ion,
which have slightly different energy levels
4.4.2.2 Inhom ogen eou s broadening

If different atoms exhibit different resonance frequencies for the same transition then
the broadening is inhomogeneous. The shape of the line is well approximated by a
Gaussian. For a solid, any phenomenon that produces a random distribution of the
transition frequencies of the atoms also leads to inhomogeneous line broadening. If
the local electric field varies randomly with position, owing to lattice imperfections,
then due to the Stark effect, local variations of the energy levels and thus of the
transition frequencies will occur.
The output of a laser, however, does not contain the same distribution of
frequencies as the broadened transition of the atoms in the medium. This is due to two
effects; the optical resonator, which will be discussed in the next section, and the
amplification process on the spectral irradiance.
4.4.3 A m plification process

The spectral irradiance varies as
lv(v,z) = lv(v,0)e^<''>"

(4.4-3)

Using equation (4.4-2) in this expression obtains

=

(4.4-4)

We observe thatIy(v,z) is related exponentially to the lineshape function g(v). As a
result,the function Iy(v,z) which describes the amplified radiation isstronger in the
centre and weaker in the wings, and therefore narrower in linewidth than the atomic
lineshape. This effect is known as spectral narrowing, and is a way of determining the
onset of lasing.
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4.5 OPTICAL FEEDBACK
4.5.1 The Optical resonator

In general the gain of a medium is too low for a single-pass device of reasonable
length. By placing highly reflecting mirrors at each end of the medium the light beam
passes back and forth through it many times. The effective length of the active
medium is increased, and an optical resonator is formed. Initially, a small disturbance
at the resonance frequency, provided by spontaneous emission within the cavity,
undergoes amplification. This amplification continues until a steady-state level of
oscillation is reached. At this point, growth of the waves within the cavity ceases, and
any additional energy supplied by stimulated emission appears as the laser output. In
order that this situation is achieved a population inversion must occur, however
another requirement is that the various losses, including the useful output, must be
overcome. There is therefore a minimum, or a threshold gain coefficient
which is
required to initiate and sustain laser oscillations. The loss mechanisms which are
present include: 1) Loss due to useful output power. In addition the mirrors are not
perfect, and some absorption and scattering reduces the reflectivity, 2) Absorption and
scattering in the laser medium. Transitions from the populated levels to higher energy
levels constitute a loss. Scattering from inhomogeneities and imperfections can
constitute a serious loss in solid-state media. 3) Diffraction losses due to non-optimal
trapping of the laser beam. One advantage of a waveguide laser resonator, with
directly coated end mirrors, is that the beam is guided by total internal reflection and
so does not diffract within the cavity. This means that the entire length of the
waveguide is useful to the laser output.
4.5.2 L ongitudinal m odes

Consider a plane wave oscillating between two plane mirrors. The phase change
undergone by the wave in a round trip is

A ^ =^ { 2 n l)
A

(4.5-1)

where n is the refractive index of the medium, and i is the mirror separation.
For laser oscillations to occur the wave within the cavity must replicate itself after two
reflections so that the electric fields add in phase. Hence for laser oscillations we must
have
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^^{2 n i) = 2m7C
K
or

m is an integer

i =^
2n

(4.5-2)

Each value of m, satisfying equation (4.5-2), defines a longitudinal mode of the
cavity. In terms of frequency v, equation (4.5-2) can be rewritten as

v=

(« -3 )

The frequency separation Av between adjacent modes is then given by

Av = ^

(4.5-4)

Thus a mode can oscillate if it lies within the transition lineshape and if the gain
exceeds the losses. For the Nd:MgO:LiNbOg waveguidelaser the emission linewidth
9% is 0.4 nm (FWHM) To obtain the frequencybandwidth we use the following
equation

9v ——
A

(4. 5-5)

and obtain 9v = 1.02 x 10^^ Hz.
With ^=1.3 cm, and n=2.2, the mode separation Av given by (4.5-4) is equal to
5.24x10^ Hz.
Therefore approximately nineteen longitudinal modes can be supported by the
waveguide laser.

4.6 THRESHOLD GAIN COEFFICIENT
4.6.1 Gain saturation
As we have seen, to maintain laser oscillations the gain coefficient y must be large
enough to overcome the losses in the system. We can group all these losses, with the
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exception of the useful output loss, in a single loss coefficient a^. The effective gain
coefficient is then reduced to (y - ttg). Now at threshold the round trip gain G must
equal unity. If G were less than unity then the oscillations would die out, whereas if G
were greater than unity the oscillations would grow. Let us assume that the active
medium fills the entire space, of length £, between mirrors Mj and M2, which have
reflectances

and R2 respectively. In travelling from Mj to M2 the irradiance of the

beam increases from Iq to Ij, where I^ = Ige^^
irradiance becomes IoR2e^^

After reflection at M2 the beam

and after a complete roundtrip becomes

IoRiR2e^^^~”‘^^ so that
(4.6-1)
The threshold condition for laser oscillations thus becomes
RiR26^*^"

=1

(4.6-2)

where y^, the threshold gain coefficient, is given by

(4.6-3)

The first term in equation (4.6-3) represents the volume losses while the second is the
form for the useful output. This condition states that, for steady-state operation, the
gain equals the sum of the losses. The gain becomes constant at the threshold value, a
phenomenon known as gain saturation.
Recalling our earlier expression for the gain coefficient y(v)

Y(v)^iA6 -lA/:03 - 4

:-g(v)

[4.4-2]

spont

and using (4.6-3) we can write

spont

c g(v)
where

,
cto H

is the threshold population inversion density.

86

2^

In

(4.6-4)

4: LASER THEORY

4.6.2 Photon lifetim e

The decay lifetime (photon lifetime), t^, of a cavity mode is just the time taken for the
energy in the cavity to decay to zero after the external stimulus is shut-off. It can be
defined by means of the equation

ic -

ni
cL

(4.6-5)

where L is the fractional (intensity) loss per pass, and I is the length of the resonator.
Now consider the case when the mirror losses and distributed losses are small. From
equation (4.6-2) the fractional intensity loss per round trip is l-R^R^e"^^/. This loss
occurs in a time llnjc, corresponding to an exponential decay time constant t^ given by

(4.6-6)
Since the losses are small RiR2C-2a7* « 1 we can use the relation
1- x = -In x: X « 1, to write — as
t.
1 _ c(2as^-lnR iR 2)
2^n

which by simplifying becomes
1
tc

c
n

(4.6-7)

or alternatively
1
tc

c
n

(4.6-8)

By substituting (4.6-8) into (4.6-4) we obtain

(4.6-9)
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4.6.3 Threshold inversion population calculation

We can estimate the threshold population inversion for our Nd:MgO:LiNbOg laser
using the following parameters
n=2.2
^=1.2 cm
^spont = 1 0 0 p,S

1=1.084 |xm
l/g(v)=Av=5xlO^^ Hz
The photon lifetime can be calculated using equation (4.6-5), assuming that the
internal losses are zero and that the input mirror reflectance is 100%. If the output
coupling loss is taken as 4%, then

t^= — = 2.2 x l 0^®s
cL
Using the above data in equation (4.6-9) we obtain fA^th = 2 x 10^^ cm'^.
Now the total density of Nd^'*’ ions in a typical crystal might be !A(=10^^ cm'^,
therefore the degree of inversion is in the order of 2 parts in 10^, or 0.2%. This
confirms that the population inversion is a small fraction of the total population.

4.7

FLUORESCENCE POWER (4-LEVEL LASER)

The separation of the terminal laser level Ej from the ground state is large enough so
that Ej » kT. If the lifetime tj of atoms in level 1 is short compared to t^, we can
neglect
compared to
and the threshold condition is satisfied when lAt2 *
•
Laser oscillation begins when the upper laser level acquires, by pumping, a population
density equal to the threshold value fA^h- We can derive an expression for the
minimum expenditure of power in the laser.

The decay rate (atoms per second) from the upper level at threshold is^ ^ ^ , and the
h
energy per transition is hv, therefore the minimum expenditure of power is
p^.^6hV hV

88

(4.7-1)

4: LASER THEORY

If the decay rate per atom 1 2 '^ from the upper level is due to spontaneous emission, Î2
can be replaced by
is then the power emitted through fluorescence by atoms
within the mode volume V at threshold: the critical fluorescence power. We can use
equation (4.6-9) to rewrite (4.7-1) as

s(4-level)

_ fA(lthhvV _ STcn^hv^V^^. tspont
V

(4.7-2)

where we have made the substitution Av = —
where Av is the width of the
g(v)
transition lineshape.

4.8 THE RATE EQUATIONS

In this section we will obtain the expression relating the laser power output to the
pumping intensity. In figure 4.3 we show the energy state populations in a four-level
system. We take E j» k T , so that the thermal population of energy level 1 can be
ignored.
PUMP

STIMULATED
EMISSION

SPONTANEOUS
EMISSION

'2

E

1

E0

Figure 4.3. Energy state populations in the four-level system
The pumping rates Rj and R2 are defined as the density of atoms pumped per second
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into levels 1 and 2, respectively. The rate equations that describe the populations of
levels 1 and 2 become

+ 9si2^2\ + ^ 2lPv( ^ 2 “ ^ l ) + Rl

(4.8-1)

and

(4.8-2)

where A21, Ajq, B21, are the Einstein coefficients for the transitions among energy
levels 0, 1, and 2.
We can make the substitution Wj = B21PV, where W- is the probability per unit time
that an atom in level 2 will undergo a stimulated transition to level 1 (or vice versa). If
steady-state conditions are assumed, that is, the system is being pumped at a constant
rate, then the time derivatives of the population of the levels are equal to zero ie.

dt

dt

From the rate equations we can derive the following expression

R- 1
^2

'21
R 2J
V^IO
Azi+W i

-

=

(4.8-3)

Recall that A2i=l/t2i and Ajq=1Ajq ie. the spontaneous transition rates between the
respective energy levels. The condition A2^<Ajq is equivalent to the condition t^Q<t2i,
that is the upper laser level should have a longer lifetime than the lower one. We can
define an effective pumping rate R as

R = R%

1-

'21
'10

so (4.8-3) can be written as
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Below threshold, the stimulated emission from the upper laser level E2 is small,
because the beam irradiance I is itself small. The pump power is mostly used to feed
spontaneous emission. Thus below threshold

(4-8-6)
^21
At threshold the threshold population inversion is

5 ^ h = ( 5 ^ 2 -^ i) u ,= ^
^21

(4.8-7)

This is the point at which the gain due to inversion exactly balances the cavity losses.
As stated earlier, further increase of

is a violation of the steady-state

assumption. Thus, under steady-state conditions,
remains equal to
regardless of the pumping rate. The population inversion then enters equation (4.8-7)
as a constant, giving

«■*•*>

whenever R >

= 0^hA2i

The excess of stimulated 2 —>1 over 1 —>2 transitions per unit volume per unit time
gives rise to a stimulated power
p.t = V[5\£2Wi - )\&W;]hv = V(3V;2 - 5\(i)Wihv

(4.8-9)

where V is the mode volume.
Pgj, then, is the power generated by stimulated emission. Since (fA^-fA^) is equal to
fA^^ , under

the

steady-state condition, then the power emitted bytheatoms above

threshold is thus
P« = 5\CthVWihv
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We may substitute for W- from equation (4.8-8) to give
R

Pst -

(4.8-11)

- 1 Vhv

Recalling our earlier expression for the power

emitted by spontaneous emission at

threshold, given by equation (4.7-2), we can re-write equation (4.8-11) as

Pst = Ps

(4.8-12)

where R^^ >
Equation (4.8-12) shows that, measured relative to the threshold value, each
increment of pumping increases the power by P^. Figure 4.4 is a plot of the
population inversion and the laser power as a function of the pump rate

Output
power

Laser output /

Population
inversion

— Pump rate

Figure 4.4. Population inversion and laser output power as a function of the pump rate
[12]

It shows how, once the threshold pumping rate is reached, the population inversion
reaches a maximum value

It then remains fixed at this value as the pump rate

increases. The laser output, correspondingly, remains at a zero level until the
threshold level is reached, and then increases linearly with increasing pump rates. The
additional power above threshold has been channeled into the single (or a few) high-Q
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mode that dominates the laser output. The spontaneous emission background does not
disappear above threshold, but compared to the laser output is extremely weak, since
it is emitted in all directions. In addition, the spontaneous emission is spread in
frequency over the entire emission lineshape, whereas the laser radiation is
concentrated at the mode frequencies. Typically, just above threshold, the stimulated
emission is several orders of magnitude larger than the spontaneous emission.

4.9 OPTIM UM OUTPUT COUPLING
4.9.1 D erivation of optim um output coupling

For a fixed pump rate, there is some value of the transmission T of the output mirror
that maximises the power. The reason for this optimum transmission is due to two
contrasting circumstances. As T is increased; 1) The output power would tend to
increase due to the increased transmission. 2) The output power would tend to
decrease since the number of cavity photons decrease. There therefore exists an
optimum value of coupling at which the power output is a maximum.
Recalling the expression for the population inversion

At threshold R = ( ^ - ^ ) A 2i so we may write

A21 + Wi

(4.9-1)

where AfA/^ is the inversion population density in the absence of an optical field ie.
when W-(v)=0.
According to equation (4.4-2) the exponential gain constant y(y) is proportional to the
population inversion, and so we may write equation (4.9-1) as

y=^ V
1+ - ^
A21
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where Yq is the unsaturated gain constant (W.(v)=0) ie. for a very weak field when
W i« À 2i.
Dividing equation (4.8-10) by (4.7-1) and substituting into (4.9-2) we obtain

Y= - V
1+ i k
Ps

(4.9-3)

Recalling the oscillation condition (4.6-2), we can write this as
e7»<(i-L) ^ J

(4.9-4)

where L = 1 L is the fraction of the irradiance loss per pass. For small losses, L « l , and (4.9-4)
can be written as
Yth^ = L

(4.9-5)

Once the oscillation threshold is exceeded, the gain y is clamped at y^j^ regardless of
the pumping. Therefore we can replace y by y^ in (4.9-3) to obtain

Y ft= -^ =7
1+ ^
(

(4.9-6)

Ps

solving for

we obtain

P s t= P s (^ -l] = P s (Ç -l|

(4.9-7)

where go=yb^> the unsaturated gain per pass.
The total loss L can be split into the internal losses L-, and the useful mirror
transmission T. Thus equation (4.9-7) can be re-written as

Pst - Ps

8o _ 1
vLi + T /

94

(4.9-8)

4: LASER THEORY

The fraction of the total power
coupled out of the laser as useful output power is
T
We can therefore wnte the useful output power
as

Po=Ps ^Ligo+T

-1

(4.9-9)

Now we can differentiate P^ with respect to T
dP,o _
gpLj
-1 = 0
= Pc
dT
(L i+ T )‘
y
or

for a maximum

Top.=-Li+(goLi)‘"

(4.9-10)

Reinserting (4.9-10) into (4.9-9) we find an expression for the output power of the
laser with optimum coupling

(4.9-1 la)
We have made the assumption that the gain gQis greater than the losses L-. If we make
the approximation
(high gain compared to internal losses), then the
output becomes
Pout (max) s PsSo = [Yo^ s]

(4.9-1 lb)

4.9.2 Calculation of Optimum Output Coupling

We can obtain a value for the optimum output coupling if we assume the presence of a
weak optical field, that is Yq ~ y . We will use the following data for the laser system
(typical for a NdiMgOiLiNbOg waveguide laser operating near an absorption peak of
the material):
If the gain at 1084 nm is the same as the absorption at 592 nm
gain 7^5.0 dB/cm= 1.15 cm'^ (see figure 5.4)
length ^=1.2 cm
internal (waveguide) loss=1.3 dBcm'^=26% loss, for an annealed proton exchange
waveguide of reasonably good quality
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We obtain from (4.9-10)
Topt = -0.26 + (1.15 X 1.2 X 0.26)‘'^=0.34
Thus according to this calculation the optimum reflectance is (1.0-0.34) x 100=66%.
This value applies to a relatively high-gain laser medium. It can be contrasted with the
case of a He-Ne gas laser which is a low-gain medium, and requires an output
reflectance close to 100%.
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CHAPTER 5
The Nd:MgO:LiNbOg Laser system

In a solid-state laser the active medium consists of impurity ions embedded within a
solid host lattice. The impurities occupy positions normally occupied by the host ions,
and the energy levels involved in the laser transitions are those of the impurity ions.
However the host lattice modifies the impurity ion energy levels such that somewhat
different lasing wavelengths are obtained in different hosts.

5.1 ENERGY LEVELS IN THE SOLID

Rare earth ions are characterised by the presence of electrons in the unfilled 4f
subshell. For example, Nd^"^ has the following electronic configuration:
ls^2s^2p^3s^3p^3d^^4s^4p^4d^^4f^5s^5p^. The energy levels arise from
transitions of the three inner shell 4f electrons of the Nd^'"' ion in a field of the lithium
niobate crystal. These electrons are screened by eight outer electrons; 5s^, 5p^, and so
the energy levels are only weakly influenced by the crystal field, and the transition
frequencies are sharp. The low-lying energy levels of the ion are determined by forces
acting on and between the electrons in the unfilled shell. The three main interactions
are
1) Coulomb forces acting between electrons in the unfilled shell, 2) The crystal
field interaction, which is the Coulomb force between the host ionic charge and the
electrons in the unfilled subshell, and 3) Spin-orbit coupling, which is the coupling
between the electron spin and the angular momentum. We will discuss, in decreasing
order of importance, each of these interactions in turn:
5 .1 .1. The Coulom b interaction

This splits the single-electron configuration into a number of levels, each described by
a pair of quantum numbers, L and S, where L is the total orbital quantum number, and
S is the total spin quantum number. The allowed values of L, namely L = 0,1, 2, 3, —,
are expressed by the capital letters S, P, D, F, G, H, I, - , respectively.
5.1.2. T he Spin-orbit interaction

This splits up the term energy levels into 'multiplets' by causing the energy of a state
to be dependent on the total momentum quantum number J, where J=(L-i-S), (L+S-1),
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(L+S-2), — , (L-S). The level notation is based on the Russell-Saunders coupling of
atomic physics
and the symbol characterising each level is of the form
(5.1-1)
The energy of a system is usually smallest for the state in which the total angular
momentum is largest. Thus for the ground state of the Nd^"^ ion we add up the
individual orbital quantum numbers for each electron L=lj+l2+l3=3+2+ l= 6, and the
spin quantum numbers S=Sj+S2+S3= l/2+l/2+l/2=3/2. The total momentum quantum
number is then J=L-S=9/2. From (5.1-1) we can write the ground state as
4t

h/2

The other levels of the

term are J=11/2, 13/2, and 15/2.

5.1.3. The crystal field

This acts to further split the multiplets via the Stark effect. For an ion with an odd
number of electrons in the unfilled shell, as in Nd^'^, the crystal field will split a given
multiplet into at most J+1/2 crystal field levels. If we consider the "^F term (S=3/2,
L=3), this is split into four multiplets by the spin-orbit interaction, namely J=9/2, 7/2,
5/2, and 3/2. The crystal field further splits the ^^Fgy2 level into two sublevels
separated by AE -160 cm*^ The "^Iu/2 level is also split by the Stark effect into six
sublevels. It then turns out that laser action usually occurs from the lower level of
"^^3/2 ^ particular sublevel of the '^In/2 l^^^l since this transition has the highest
value of transition cross section a.
5.1.4

Energy level diagram

Figure 5.1 illustrates the main transitions involved in the Nd^‘^:LiNb03 system. The
three main pumping wavelengths occur at 0.81, 0.75, and 0.60 |im. These
correspond with transitions from the ground state ^^1^/2 to levels
^^^1
^Gii/2 respectively. These bands are coupled by fast non-radiative decay, of the order
of lO'^s, to the ^^Fgy2 level, from where the decay to the lower I levels occurs, notably
^Igy2, ^In/2’
"^^13/2- T^he rate of this decay is much slower, t=100 |is. This is
because the transition is forbidden by electric-dipole interaction, since AJ 0 or ±1,
and because of the large energy gap between "^Fgy2 and the next lowest level. This
ensures that the '^Fgy2 level accumulates a large fraction of the pump energy, and is
thus a good candidate as the upper laser level.
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Figure 5.1. Energy level diagram for Nci^"^:LiNbO3
Of the possible transitions from
lower-lying levels, the
1/9 is the
strongest transition. Level
i^ then coupled by a very fast (ns) non-radiative
decay to the
ground level. The energy difference between this level and the
ground level is an order of magnitude greater than kT, hence according to Boltzmann
statistics, level
may be considered empty.
The transitions between the energy levels in the Nd^^:MgO:LiNbOg system exhibit
anisotropic vector characteristics, in both spontaneous and stimulated emission. The
emission depends on the orientation of the optical E field with respect to the optic axis
(c-axis) 1^1. There are two separate and distinct transitions from the upper levels to the
lower levels, at slightly different transition frequencies. The transition conesponding
to an emission wavelength at 1084.6 nm is known as the k transition

radiating
atom

Figure 5.2. Schematic representation of the it-transition.
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This transition behaves like a dipole oscillator linearly polarised along the direction of
the d.c magnetic field. A linearly oscillating dipole does not radiate along its
polarisation axis, and there is no stimulated response to an electric field perpendicular
to the c-axis (figure 5.2). The emission at 1093.2 nm occurs via a a transition. This
transition is linearly polarised normal to the magnetic field axis. There is no stimulated
response to an electric field parallel to the c-axis (figure 5.3)

radiating
atom

Figure 5.3. Schematic representation of the a-transition.
Atoms whose charge distribution can oscillate only in a certain direction on a given
transition will only respond to applied fields having the same direction or polarisation.

5.2 PUMPING METHODS
In terms of its usefulness as a laser medium the narrow linewidths signify a large
stimulated emission cross section and a low pumping threshold. However, since the
absorption bands are narrow, then the pump bands must be well matched for efficient
transfer of pump energy into them. In optical pumping the light from the pump source
is absorbed by the active material and the atoms are then pumped into the upper pump
level. A laser beam may be used to pump another laser (laser pumping). The
directional properties of a laser beam make it very convenient for pumping another
laser, and special pumping chambers are not then required. The absorption spectrum
of Nd-doped materials does not vary significantly from one host to another, since the
absorption is a result of electron transitions between the inner shells of the atom. Thus
the absorption spectrum of Nd:MgO:LiNbOg would not be expected to be much
different from that of Nd:YAG. Figure 5.4 is an absorption spectrum of a proton
exchange channel guide, of length 1 cm, in Nd:MgO:LiNbOg, with the electric field
parallel to the c-axis. The spectrum was obtained with a white-light source
spectrometer. Firstly, as a reference a transmission spectrum was obtained with
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coupling fibres butted directly to each other. Then the sample was placed between the
coupling fibres and the output plotted. The data from these two measurements was
used to obtain the attenuation of the incident input signal. After subtracting the non
wavelength dependent losses (coupling and scattering loss) the absorption spectrum
for the waveguide was obtained.
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Figure 5.4. Absorption spectrum of a waveguide in x-cut Nd:MgO:LiNbOg.
The spectrum exhibits the characteristic absorption peaks which occur in Nd-doped
crystal systems
In order that the absorption peaks are well matched it is necessary
for the pump source to have an output in this range. A dye laser operating at 600 nm
or a semiconductor-diode laser operating near 815 nm were used as the pump sources
in the experiments. We will consider each of these in turn:
5.2.1. Dye laser
Dye lasers rely on optical excitation of an organic dye dissolved in a liquid solvent.
Organic dyes have strong absorption bands in the ultraviolet or visible, and when
excited by light of the appropriate wavelength, display a broad-band fluorescence
spectrum. This broad-band fluorescence spectrum allows dyes to absorb and emit
light over a broad range of wavelengths. A dye such as Rhodamine 6G, having a peak
fluorescence at around 590 nm, is pumped by the 515 nm line of the argon-ion laser.
The dye can absorb virtually all of the visible output and convert over 20% of the
input energy into coherent output at the peak of its emission band. The intense
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absorption and subsequent heating of a small volume of dye as well as a build-up of
unwanted population states requires a continuous and rapid change of the pumped
volume. The laminar-flow dye laser avoids this problem by passing the dye, via a
nozzle, through the pump beam and into a reservoir which recirculates the dye. To
stop the smooth dye stream from breaking up upon leaving the nozzle, ethylene glycol
is used as a solvent. The complete configuration is shown in figure 5.5

Biréfringent
filter

Fold mirror

Output
coupler

\
Dye jet

High reflector
PUMP BEAM
Pump mirror

Figure 5.5. Schematic of a laminar-flow dye laser system [6]
5.2.1.1 Tuning the output
Tuning of the output wavelength was achieved by using a biréfringent filter. A
biréfringent filter consists of several quartz waveplates of different thicknesses, figure
5.6. The plates are oriented at Brewster's angle such that vertically polarised light in
the cavity experiences no loss by reflection at the plate surfaces. Consider the action of
a single plate on the light in the cavity. The crystal axes of the quaitz are oriented such
that the plate acts as a full waveplate for vertically polarised light if the wavelength X
satisfies the relation
d(nsiow-nfast) = mlo

(5.2-1)

where m is an integer, and d is the distance travelled by light in the plate.
For other wavelengths, passage through the plate results in elliptical polarisation.
After reflection at the end mirror, this elliptically polarised light experiences loss by
reflection at the next encounter with the quartz surface. This loss prevents lasing at
wavelengths significantly different from those that satisfy the full-wave condition. A
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linewidth of -0.3 nm is possible with a single waveplate. The addition of more
waveplates reduces the linewidth still further. Tuning the laser was accomplished by
rotating the plates about the normal to the plate surfaces. Because the plates are
inclined to the optic axis, rotation effectively changes the slow axis refractive index
from n^j^^ to n’^j^^, changing the preferred wavelength to

^

slow

(5.2-2)

^ fast ) / ^

Quartz plate

Prefened
polaiisation
Optic
axis

N -Normal
F-Fast axis
S-Slow axis
Figure 5.6. Tuning control for the dye laser
5.2.2.

Diode laser

An holosteric laser system has the advantages of efficiency, ruggedness, and
compactness. In addition, the longer pump wavelength of a diode laser -815 nm
minimises photorefractive damage in Nd:MgO:LiNbOg.
5.2.2.1 Laser action
A semiconductor laser requires that there be a region of the p-n junction where both
electrons and holes are present. Optical radiation can occur in this naiTow region.
When an electron in the conduction band recombines with a hole in the valence band,
a quantum of radiation, with energy equal to the difference in energy between the two
states, is released. A population inversion is created when there are more electrons in
the conduction band than holes in the valence band, and then the recombination may
be stimulated. The wavelength of the transition is determined by the band gap size. An
electron raised from the top of the valence band to the bottom of the conduction band
has potential energy eVg, where e is the electronic charge, and Vg is the electrical
potential required to promote the electron to the conduction band. This energy must
equal the photon energy emitted upon recombination.
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We therefore have
E = hv = eV„

(5.2-3)

In order that the semiconductor junction lases we merely increase the current until a
population inversion is reached and add mirrors to provide feedback. The two end
faces are made parallel, by cleaving along crystal planes, and are not normally
provided with reflecting coatings since the Fresnel reflection at the semiconductor-air
interface is sufficiently large (n=3.6 for GaAs, and therefore R -35%). In modern
continuous-wave laser diodes the simple structure suggested above ie. the GaAs
homojunction laser is not used, since the threshold current density is too high -40,000
A cm'", due to poor optical and carrier confinement. Most common laser diodes have
a double heterostructure ie. two materials aie used to form the junction. Figure 5.7
shows a buried heterostructure diode laser, of the type used in the experiment
300 pm
_ p-GaAs
- p-AlGaAs
*p-AlGaAs (Active layer)
n-AlGaAs

emission region

n-GaAs (substrate)

Figure 5.7. Buried double heterostructure (Sony TAPwS laser)

The double heterostructure reduces the threshold current density to -2000 A cm'permitting room-temperature continuous-wave operation.
5.2.2.2 Stripe confinement
Laser action can be limited to a narrow stripe either by restricting cunent flow through
the laser or by creating an optical waveguide. Controlling current flow produces a
population inversion only in the stripe and also creates a subtle waveguiding effect
called gain guiding. Optical waveguides are fomted by creating patterns in the junction
plane, the difference in refractive index confines the light to a naiTow stripe, which is
called index guiding. Figure 5.8 is an end view of the front facet of the two types of
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diode laser. Observe the waveguide groove, in the index guided laser, running
adjacent to the actual active layer.

waveguide
groove
p^GaAlA
GaAs
p GaAlAs'

Electrode
Active
junction

n G aAlAs

gain-guided laser diode

index-guided laser diode

Figure 5.8 . Stripe geometry for two types of diode laser

.

5.2.2.3 Electrical characteristics

The output power of a diode laser is a function of the current flowing across the active
junction. The figure below shows a plot of the optical power output as a function of
the input cunent for the Sony TAPS (TAPered Stripe) laser

60
T=20 deg C
50
T=10

E

40

I

30

I
e
.2
■o

20

40

60

80

100

120

140

160

I-Forward current (mA)

Figure 5.9. Electrical chararcteristics for the diode laser
Above the threshold cunent there is a linear region of operation. As the current to
the diode is increased to threshold the output irradiance increases abruptly in the
direction of the laser beam. The threshold current for laser operation depends on the
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temperature of the diode. As it is cooled, so the threshold current decreases. In
addition, cooling increases the bandgap of the material, shifting the output to a shorter
wavelength. Temperature tuning is one method of altering the diode laser wavelength,
useful for matching its wavelength to an absorption band in the solid-state laser
medium. The rate of change of wavelength A l is around 0.3 nm/ °C.
5.2.2.4 Beam characteristics
All the emission occurs in the narrow junction region, and due to its small size (~M.m)
diffraction of the light leads to a large beam divergence. The beam is elliptical in
cross-section since the active region of a diode laser is asymmetric (see figure 5.10).

LD chip

^

Far field pattern

Figure 5.10. Beam profile of a typical gain-guided laser diode.
The beam divergence parallel to the junction plane 0^^ is given by the fomiula

6//=-^1.22

(5.2-4a)

where d is the stripe thickness.
Normal to the junction plane the beam divergence is given approximately by the
formula
0 , = l . l x l 0^ x -

(5.2-4b)

where d is the stripe width, and x is the mole fraction of A1 in the Al^Ga^^As side of
the junction
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For a typical gain-guided laser diode at A<=811.5 nm, with x=0.3, and with the
dimensions 4x0.1 |im

6// _ 811.5x10 X 1.22 = 0.24 radians o r-14®
"
4.0x10"^
and

9, =1.1x10^x 0 . 3 x

q ~ 40°
8 1 1 .5 x l0 ‘ ®

Astigmatism is the main Seidel aberration inherent in the laser diode output. In the
plane of the active layer, the beam appears to diverge from a point located typically 10
to 50 |im behind the surface of the front facet of the diode. In the plane perpendicular
to the active layer, the beam appears to diverge from the front facet itself. The
astigmatism is due to the fact that in the plane of the junction the beam dimension is
defined by the electric current profile, whereas in the plane perpendicular to the
junction the beam dimension is defined by waveguiding. The output of gain-guided
lasers is particularly astigmatic. In index-guided lasers the beam is constrained in both
transverse directions by waveguiding, thus they exhibit little or no astigmatism.
5.2.2.5 Beam shaping
For the case of launching into a waveguide we should aim for a diffraction-limited
spot arising from a well-collimated, unastigmatic beam.
C ollim ation
The natural divergence of the laser diode was corrected with a high numerical aperture
collimating lens - Melles Griot 06 GLC 002
The numerical aperture is a measure
of the solid angle admitted by a lens. The numerical aperture (N.A) required can be
found from the following formula
N.A = sin0

(5.2-5)

where 0 is the divergence of the laser diode beam.
Taking the divergence to be 30® then N.A=0.5. An 8 mm focal length lens with N.A
of 0.5 was selected to match the angular distribution of radiation from the laser diode.
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A stigm atic correction

The simplest way to correct astigmatism is to use a weak cylindrical lens. The object is
to add power to one axis or subtract it from the other. This leads to the apparent point
of origin being the same in both planes. For the Sony gain-guided laser diode an
astigmatism of 40 |im was corrected with a Melles Griot 06 LCC 005 cylindrical lens
of focal length 1.45 m, which could be rotated about the optic axis to correct the
astigmatism.
Asym m etry correction

In order to minimise the far-field divergence it was necessary to expand the beam in
one dimension only so that the cross-section was transformed from an ellipse to a
circle. An anamorphic prism pair was used. This consists of two prisms mounted at
an incident angle, close to Brewster's angle, to the incoming beam. This maintains the
polarisation state and minimises reflections of the beam. The prism pair introduces an
anamorphic expansion of the beam while shifting the beam a small amount (~8 mm)
laterally. With the Sony laser diode the beam divergence parallel to the junction plane
8yy was I4O, and perpendicular to the junction plane Gj^was 28^. This therefore
required an anamorphic expansion in the ratio of 2 to 1.

5.3 OPTICAL FEEDBACK-DIELECTRIC MIRROR COATINGS

In order that a low loss occurs in the waveguide laser cavity the mirrors were
dielectrically coated. A multilayer dielectric is widely used for laser components
because the layers are made of transparent (ie. non-absorbing) materials and can thus
withstand the high intensity of the laser beam. In order to obtain a high reflectivity a
quarter-wave stack is used. A quarter-wave stack has alternating layers of high and
low refractive index films such that the disturbances reflected from successive
boundaries are in phase when they return to the front surface of the first film. All the
layers have the same optical thickness of 1/4-wave at wavelength X, where the optical
thickness is equal to the physical thickness multiplied by the refractive index of the
film. If the films' refractive indices do not change appreciably with wavelength, then
the maximum reflectance of the coating occurs at this 'tuned' wavelength X.
5.3.1 M ultilayer film s-the M atrix method

Consider first a single dielectric film separating two semi-infinite media. In figure
5.11 monochromatic light is incident normally from left to right on the film of
thickness d and index n^ on a substrate of index ri2 . The index of the initial medium.
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often air, is Hq. The suffixes f and r denote light travelling in the forward and reverse
direction respectively. A denotes the amplitude of the electric vector E. The phase
difference within the the film is denoted by 5.
Afr

Afo

Film

Substrate

"0

I

Ar 0

Ar,

Figure 5.11. Single dielectric film separating two media.
Now the boundary conditions state that the electric and magnetic fields are continuous
at each surface.
The electric field for surface 1 is given by
Afg + Aig —Af^ + Arj

(5.3-1)

and for the magnetic field, since H=nE, is given by
n g A fg

— n g A ig

— n^ A f j — n jA r j

(5.3-2)

The negative sign arises from the coordinate system whereby E, H, and the
propagation direction are all at right angles to each other.
Similarly for surface 2 we have
Afie‘ ‘®+ Arie‘®= Af2

(5.3-3)

and
njAf^e

- n^Ar^e^^ = n2A f2

1 1 0

(5.3-4)
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Eliminating Af^ and Atj from equations (5.3-1 to 5.3-4) we obtain

1+ ^ Af,0

Afn

cosô-1- i— sinÔ
ni
Afr

(5.3-5)

Using matrix notation we can write
1

T
4_"o.

or

Atq _

■no Afr

COSÔ

i / % sinÔ

1 Afi

ini sin Ô

cosô

n2. Afr

■1 ■ ■ 1 ■
■1 ■
+
r=M
.«2.
." 0. .” ^0.

(5.3-6)

where r=(ArQ/AfQ), and t=(Af2/AfQ) are the reflection and transmission coefficients
respectively.
The matrix M is given by

M=

COSÔ

i/nisinô

Lini sinÔ

cosÔ

(5.3-7)

which is called the transfer matrix of the film. The two simultaneous equations
represented by equation (5.3-6) can be solved to give, for the reflectivity
(no - n2)ni cosÔ + i(nQn2 - n i )sin 5
(no H-n2)niCOs6 -l-i(nQn2 -f-nj jsinô

(5.3-8)

Let us suppose that we have a multilayer film consisting of N layers. The refractive
indices of the films are n^ n2,
n^q. The transfer matrices, as defined by equation
(5.3-7), are then Mi, M2, M3, .......Mj^. For a complete multilayer film we have
■1 ■ ■ 1 ■
■ 1 "
+
r =M
_no_

(5.3-9)

_” n + i .

where Uj^^i is the refractive index of the substrate, and r is the reflection coefficient of
the multilayer. The transfer matrix M of the multilayer is given by
M=MjM2M3

1 1 1

Mj^
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Following the usual notation we put

M=

Mil

Mi2

^21

^22

(5.3-10)

The two simultaneous equations represented by (5.3-9) can be solved to give for r

r=

Miinp + Mi2npnN+i - M21 - M22Hn+i
Miinp + Mi2npnN+i 4- M21 + M22Hn+i

(5.3-11)

5.3.2 The Q uarter-wave stack
We will now consider the special case of the quarter-wave stack. Suppose the
multilayer has 2N quarter-wave films whose indices alternate between n^ and n^ and
suppose that the initial media is air ie. nQ=l, and the final media is the substrate ie.
Since 6=7t/2 for each film, we have

M 1M2 =

"0
>L

i/nL" ■ 0
0 _ inn

i / n n'
0

0

/ "L
0

■

and

M1M 2

M 2Isi —(M1M2) —

(-n n /

0

0

(-nL /

(5.3-12)

equation (5.3-11) then gives

"sxN
-M
"L

ng +

(5.3-13)

.£ k
I "H

multiplying both top and bottom by (-%/%)^, and cancelling, we obtain
/
/

£h

\ 2N
ng - 1
(5.3-14)

\2N

ng -1-1
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The reflectance for 2N layers, LH

LH, is then given by
\2
\ 2N
l"L V

^ 2N - F

(5.3-15)
n^ +1

For a system of 2N+1 layers, HLH

LH, the reflectance is given by
r/

\2N
£h

R2N+1

-

)
\ 2N

(

(5.3-16)

M

Table 5.1 was derived by using (5.3-15), and (5.3-16) for a ZnS/Cryolite film;
ny=2.30 and nj^=1.35, on a Nd:MgO:LiNbOg substrate n^=2.20 (at X=1 |im).
ler of layers
2
3
4
5
6
7
8
9

R (% )
53.2
56.2
80.6
82.1
92.8
93.4
97.5
97.68
99.12

10
11
12

99.20
99.70
99.72

13

Table 5.1. Reflectance of a ZnS/Cryolite dielectric mirror, on a Nd:MgO:LiNbOg
substrate, as a function of the number of layers.
5.3.3 W avelength dependence of the reflectance

If the reflectance is plotted against the wavenumber 1A , or a dimensionless quantity
which is proportional to frequency, R is symmetric with respect to g. The
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total width of the high reflectance zone is 2Ag, where the distance from the centre of
the high reflectance zone at g=1.0 to its edge is
/

Ag = - Isin’ '
7C

1- £h
"L
V
/

(5.3-17)

\

1+
V

"L /

Using our previous values for n^ and n^ we obtain 2Ag=(0.17x2)=0.34.
Thus if the centre wavelength is 1 |im the high reflectance zone extends from about
0.83 jim to 1.17 pm. Outside of the high reflectance zone the reflectance is
oscillating. The number of oscillations depends on the number of layers in the stack,
and the amplitudes of the oscillations are a function of the number of layers and the
difference of the refractive indices. Figure 5.12 is a typical plot, obtained with the aid
of a spectrometer, for a dielecric film with nine layers of alternating ZnS/Ciyolite.
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Figure 5.12 . Reflectance curve for a nine-layer ZnS/Cryolite dielectric mirror.
5.3.4 Procedure for m irror deposition
The apparatus for the deposition of these films consisted of a bell jar, a rack for
holding the substrate that was to be coated, and electrically heated evaporation sources
placed in Molybdenum boats
Attached to the bottom of the chamber was an oil
diffusion pump and a mechanical pump which exhaust air from the bell jar. The
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monitoring system consisted of an LED source of X^=750 nm and a photocell The
LED sited at the base of the bell jar sends out a beam which reflects off a piece of
glass, acting as a monitor, and is received by the photocell (figure 5.13). Because of
the emitting wavelength of the LED, a long pass filter was placed into the path of the
beam before it reached the monitor. This ensured that the peak reflectivity occuiTed at
-1000 nm. Because a glass monitor was used, the measured reflectance off the glass
(ng=1.5) was slightly higher than that of the substrate. Before the evaporation was
performed the substrate was washed to remove grease and other contaminants from
the surface. Then it was positioned next to the monitor glass with the substrate edge
facing the source. The pumps removed the air from the chamber until the pressure was
below -10 microTorr. Then the substrate was made to undergo a further cleaning
stage. Whilst in the chamber, and at a low pressure, cuirent was passed through the
environment of the chamber in order to induce a plasma. For a period of
approximately two minutes this plasma was maintained, the pui*pose of which is to
etch away a few Angstroms from the surface of the substrate. This cleaning action
improves the adherence of the film on the substrate.
Substrate
Monitor
glass

Bell jar

Galvanometer
Photodiode

Shutter

Filter
LED

O O

TO VACUUM PUMP
Mb boats containing
sources

Figure 5.13.

Schematic of the film deposition chamber.

After the pressure dropped to below 10 microTorr the evaporation source was turned
on and the zinc sulphide evaporated, when the proper temperature was reached. At

115

5: THE Nd:MgO:LiNbO LASER SYSTEM
3

this pressure the mean free path of a molecule, that is the average distance it travels
before colliding with another molecule, is greater than the dimensions of the bell jar.
This means that most of the molecules of the vapour travels directly from the source to
the substrate without colliding with any of the residual gases in the chamber. As these
molecules hit the substrate, some stick and sublime. Soon a layer of solid zinc
sulphide formed on the surface, and by observing a maximum deflection on the
galvanometer the thickness could be judged, and the shutter closed. Similarly by
observing a minimum deflection the amount of cryolite deposited could be monitored
and stopped. By this means a quarter-wave stack was built up one layer at a time.
When the required number of layers were deposited (always an odd number, allowing
the non-hygroscopic zinc sulphide to be the final layer) the air was readmitted into the
chamber and the substrate removed. It was then turned over and the process repeated.

5.4 LASER THRESHOLD

There are two threshold terms to be derived, namely, the absorbed pump power
threshold in the waveguide, and the minimum optical pump power required to achieve
threshold oscillation.
5.4.1 Derivation of the absorbed pump power threshold

Recalling the expression for the critical fluorescence power equation (4.7-2) we have
s W h v ^ A v tspont

which for t2=tgp^^(^ becomes
P,S^ _ Sttn^hv^Av

(5.4-2)

It will now be useful to introduce the concept of a transition cross section, which
depends only on the characteristics of the given material. The transition cross section
a is defined as the absorption coefficient per unit inversion per unit volume
« ( v) = (% - 0^2 )o(v)

or in terms of the gain coefficient y(v)
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y{v) = (V{,2 - % )o( V)

(5.4-4)

Recalling equation (4.4-2)

By inspection of equations (5.4-5) and (5.4-4), this allows us to express the transition
cross section a as
c2
o = -------V t,po„tAv

(5.4-6)

substituting equation (5.4-6) into (5.4-2) and simplifying, we obtain
Pg

nhv

(5.4-7)

Now from equation (4.6-7)
1 _ c(2ag^-lnRjR2)
t^

2£n

(5.4-8)

substituting for t^ in (5.4-7) we obtain
Pc

hv 1
_________

^

^Ispont

[2a,^-ln(RiR2)]

(5.4-9)

where Pg is the minimum power needed to maintain N2 atoms per unit volume in level
2 just prior to attaining threshold.
The pump power P^j^ that needs to be absorbed by the material to reach oscillation
threshold can be derived from (5.4-9) as

where

P th = ^ ^ f^
^spont ^ ^

(5.4-10)

6 = [2ag^ - ln(R iR 2 )]

(5.4-11)
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is the round-trip cavity loss including output coupling
Œg is the propagation loss coefficient at the laser wavelength
Rj and R2 are the input and output reflectances, respectively, at the laser wavelength
Vp is the pumping frequency
Agg is the effective mode, area , and is defined by the overlap integral of the pump
and signal modes

A e f f

(5.4-12)

=JJPo(>'.y)so(x.y)9x3y

where pQ and Sq are the transverse intensity distributions of the pump and signal
modes, respectively, and are normalised to give unity if integrated over the waveguide
cross section.
Assuming Gaussian distributions for the modes, Pq and Sq can be written as
-

4
2
— y exp —
io(x.y) =
TtCOx [COy i
.

2~
X

y

.exp

(5.4-13)

_

i=p, s
Xis the direction parallel to the guide surface and y is perpendicular to it.
The effective mode area,

can be evaluated from equations (5.4-12) and

(5.4-13) as follows

Aeff - T
A

_

^

y.s )

'X.p

1/2

(5.4-14)

where co^.p
are the pump and signal-mode sizes in the plane of the guide,
and cOyp and (Oy g are the pump and signal-mode spot sizes perpendicular to the plane
of the guide.
From equation (5.4-10) we can see that in order to minimise the threshold for
pumping it is important to obtain low values of A^^ and a^.
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5.4.2 Absorbed pump power threshold calculation

We can obtain an estimate for absorbed pump power threshold

with a laser diode

pump operating at 813 nm, where
Vp=3.687xl0i'‘ Hz
(sponC^OO |IS
length of waveguide ^=1.3 cm,
Ri«98%; R2=96%,
ag=1.3 dB/cm=0.30 cm*^ (at 1.15 pm),
and thus from (5.4-11) 5=0.83
Aef£=54 pm^ (from measurements of the pump and signal mode sizes)
a=1.8xlO 'i^ cm^
The absorbed pump power threshold P^^ is then, from (5.4-10)

5.4.3 E fficiency factors

We can define a pumping efficiency T|p as the ratio between the minimum pump
power required to produce a given pumping rate and the electrical pump power
actually delivered to the semiconductor laser diode, or other pump source. The
process of laser pumping can be divided into four steps; 1) the emission of radiation
from the pump, 2) the transfer of this radiation to the waveguide, 3) the absorption in
the waveguide, and 4) the transfer of the absorbed energy to the upper laser level.
Thus the pumping efficiency r|p can be written as the product of these four terms,
namely
Tlp=Tlrnt11a^1pq

where

(5.4-15)

is the pump radiative efficiency ie. the efficiency of conversion from

electrical input to light output in the pump bands, r|j is the transfer efficiency ie. the
efficiency in transferring useful radiation from the pump source to the waveguide
laser, r|^ is the absorption efficiency ie. the fraction of useful pump light absorbed by
the laser material, and rip^ is the power quantum efficiency ie. the fraction of the
absorbed pump power that leads to population of the upper laser level. We will now
obtain expressions for the four terms occurring in equation (5.4-15).
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5.4.3.1 Pum p radiative efficiency-T]^.

For a laser diode this is simply the ratio of the optical output to the electrical input or

^optical

^ _&ui_

^electrical

( 5 .4 - 1 6 )

IXV

where I and V are the current and voltage, respectively, supplied to the laser diode
operating above threshold.
5.4.3.2 T ran sfer efficiency-Tl^

The transfer efficiency is essentially the end-fire coupling efficiency. The maximum
butt-coupling efficiency was given by equation (3.4-1)

t1c = 2 —

I 0)dL

where 2co^ and

+—

[3.4-1]

are the full-width of the Gaussian field for the film and laser

diode respectively.
It has been estimated that, for an end-fire coupling system, the coupling efficiency is
typically 50% of this value, and thus the transfer efficiency is given by

= 0.50 X Tig

(5.4-17)

=

This expression assumes that 100% of the pump light is transmitted through the input
mirror. Due to an imperfect mirror characteristic at the diode laser wavelength only
-60% of the pump light was actually transmitted.
5.4.3.3 A bsorption efficiency-Tig

The ratio of the pump intensity transmitted by the waveguide I, to that entering the
waveguide Iq is given by
L = e - “^

(5.4-18)

where a is the absorption coefficient in the pump bands, and i is the length of the
waveguide.
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S.4.3.4 Power quantum efficiency-Tipq

The power quantum efficiency rjp^ is given by

(5.4-19)

where Vp is the pump frequency.
The pump quantum efficiency

is defined as the probability for one absorbed pump

photon to create an excited ion in the upper laser level. It is multiplied by v/Vp, so as
to give the ratio of energies instead of just excited ions per pump photon absorbed.
5.4.4 M inim um pump power calculation

We can now estimate the minimum pump power required for laser oscillation

Pm in=5^
nn

(5.4-20)

where
is the absorbed pump power obtained earlier, and rjp is the pumping
efficiency defined by (5.4-15). Taking each efficiency factor in turn;
1) From the laser diode characteristic curve, the pump radiative efficiency T|^=0.16
2) From equation (5.4-17), and using the data supplied with the laser diode, where
2cOf=3.4 pm, and 2cOj)l=1 pm, the transfer efficiency r|j=0.60x0.27=0.16
3) Taking a to be 1.05 cm'^ (at 813 nm), and I to be 1.3 cm, then from equation
(5.4-18), the absorption efficiency T|g=0.75
4) Taking
to be unity, then from equation (5.4-19), and with a pump wavelength
of 813 nm and a laser emision at 1084 nm we obtain a power quantum efficiency
'Hpq=0-75
From equation (5.4-20), taking our earlier value for P^=3.04 mW, and the efficiency
factors obtained above we obtain
3 04
Pmin = ------------ — -------------= 211 mW
"""" 0.16x0.16x0.75x0.75
Pmin is the minimum electrical power, supplied to the laser diode pump, required to
inititiate laser oscillations. The minimum optical pump power required is simply P •
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multiplied by the pump radiative efficiency or
^min(optical) ~ ^min X0.16 = 33.8 mW
Thus according to this calculation an optical pump power of -34 mW would be
sufficient to just achieve lasing threshold in the Nd:MgO:LiNbOg waveguide laser
discussed above.
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CHAPTER 6
N d :M gO :L iN b 03 channel waveguide laser experim ents

6.1 EARLY W ORK (ION IMPLANTATION)

This section describes some early work on rare-earth doping of lithium niobate by ion
implantation. In the ion implantation process ions are generated, then accelerated
through typically 20-300 KeV before striking the substrate. The basic elements are the
ion source, accelerating electrodes, an ion (mass) separator, and a beam deflector to
scan the collimated ion beam in a raster pattern over the substrate. In most cases, ion
implantation is followed by annealing at elevated temperatures to remove implantationinduced lattice damage and to allow the implanted dopant atoms to move into
substitutional sites in the lattice.
6.1.1 Theory o f ion im plantation

A beam of energetic ions enter the upper face of the crystal substrate. As the ions
travel through the crystal they lose energy to electronic excitation of the crystal until
their energy is low enough to cause lattice damage
The damaged region of the
lattice is amorphised and has a lower index than the substrate material above, due to its
lower atomic density. The guide is formed between the boundary of the amorphised
region and the air-substrate boundary. The guide thickness is controlled by the ion
energy since this determines their range, and the index change by the total dose.
The number of ion counts n^ is given by
n^=DeAs

(6.1-1)

where D is the dose in ions/cm^, e is the electronic charge in |iC, A is the aperture
area in cm^, and sis a scale factor (s=100 for a 1 |xA scale)
For a dose of 10^^ ions/cm^ and an aperture area of 3.25 cm^, the number of counts
required is
Uç=5.21xl0^ counts
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The implant time t is given by
t=

DeA
I

( 6 . 1- 2 )

where I is the current in pA, and t is in seconds
For a dose of 1x 10^^ cm*^, and a beam current of 0.7 pA we require
t=7438 s or -124 minutes
The experimental number of counts, taking account of the background, is given by
n^+tb
where t is in minutes, and b is the background count/min
6.1.2 Ion implantation procedure
The implants were performed at the University of Surrey ion-implantation facility. The
lithium ni0bate sample was mounted on the stainless steel mounting plate, with
thermally conducting paint, and held in place with beryllium-copper clips. The
aperture and suppressor plates were fitted to the sample holder and a wire was
attached to the suppressor plate. The collector wire connected the sample mounting
plate at the dummy position. The relative positions of the plates aie shown in figure
6.1
sample recess

aperture plate
suppressor plate
sample mounting plate
base plate

spring clip
insulator

Figure 6.1. Sample mounting plate assembly.
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A short circuit existed between the collector terminal and the sample mounting plate,
and similarly between the supressor terminal and suppressor plate. The sample was
then mounted in the end station. Pressure was removed from the chamber to better
than 10’^ Torr. The dummy was positioned under the aperture plate using the screw
guage on the end of the sample holder, and the gate valve was opened. The D.C, and
other power supplies were switched on and the current was optimised to obtain the
appropriate profile on the oscilloscope, and to centralise this on the target. The beam
profile obtained was a rolling lissajous figure. With the gate valve closed, the first
sample was positioned and the counter reset to zero. The gate valve was opened and
the implantation begun. When the required number of counts was reached, allowing
for the background count, the gate valve was shut. Before implanting the next sample,
the beam alignment was checked on the dummy. At the end of the implantation the
samples were allowed to cool and then removed from the chamber.
6.1.3 Im plantation results

Rare earth ions were implanted in turn into undoped lithium niobate. Two samples of
lithium niobate, x and z cut, were implanted at an ion energy of 290 KeV, with Er^'*’.
The total count measured after 2 hours was 1.94x10^. After the implantation the
samples were annealed for 30 minutes at 200 ®C. A brownish colouration existed after
this short anneal. A sample was doped with Yb^+ for 2 hours, at an energy of 250
KeV. The total count obtained was 2.7x lOt During the implant the current reading
became unstable, and the suppression was turned off to enable it to be reset. The
current finally stabilised at 0.5 jiA.
6 .1 .3 .1 N eodym ium im plant

An x-cut sample was implanted with neodymium. The ion beam was generated by
inserting NdBr into the chamber. The isotope ^"^^Nd was chosen with the separation
magnet, and this was implanted at an energy of 200 KeV into the sample. The aperture
size was 2.14 cm^, and this allowed a higher beam current to be used. According to
equation (6.1-2) this would enable the use of a shorter implant time, for the same
dose. As an example, for a beam current of 1 )liA, a dose of 1x10^^ cm'^ would
require an implant time of 4 hours 45 minutes. Unfortunately due to beam instability
only 1 hour of implantation time was completed, with a total count of 4x 10^. The
total dose was approximately 1x 10^^ cm'^. The sample was then annealed for 3 hours
at 350

in flowing oxygen. When the sample was observed for damage, some

brownish colouration was visible, indicating that some implantation damage still
existed. The sample was re-annealed for a further 6 hours at 350
in an attempt to
remove this damage.
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Discussion

The implanted depth was expected to be in the range 0.5-1 p.m, and therefore only a
small region of the sample was active. After implantation the crystal is amorphised
over the implanted depth and is in a metastable state, where it rapidly decomposes.
The highly mobile Li diffuses towards the surface and precipitates ineversibly. For
achieving epitaxial growth, the crystal must be heated to a sufficiently high
temperature for a period of time. During the implantation a slight colour change was
observed, the lithium niobate turning grey during implantation, and brown during
annealing. The number of defect clusters at visible wavelengths has been found to be
highest near a temperature of -30
Below this temperature the agglomeration of
defects into larger clusters is restricted by low diffusion rates while at high
temperatures cluster growth is limited by self-annealing.
6.1.5 Fluorescence experiment
The sample ends were polished and the following experimental setup was used to test
for fluorescence from the sample. In addition an undoped sample, and a z-cut
Nd:MgO:LiNbOg sample, supplied by Pilkington U.K
were used to compare
results.
pump block filter
A/2 plate

Ge detector

p.s.u

Argon-ion laser

rare-earth doped
sample

Figure 6.2.

oscilloscope

Experimental set-up to test for bulk fluorescence.

Light from an argon-ion laser, emitting at 515 nm, was launched through the sample
in a lengthwise manner (see figure 6.2). The fluorescence output passed through an
argon-ion block filter and onto a Germanium detector. The aigon-ion laser had a 1/e
beam waist of approximately 0.8 mm, and the sample thickness was 1 mm, therefore
we can assume that all of the beam power passes through the active region of the
sample. The distance between the detector cell and the sample was minimised to
enable as much of the fluorescence to be collected, as no focussing optics were used.
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The sensitivity of the detector was found to be 10 |aW/mV at 1.15 pm.
6.1.6 R esults from fluorescence experim ent

With the ion implanted sample no fluorescence was detected for input powers of up to
1 W. This could be due to a low ion dose, insufficient annealing, or inadequate
incorporation of the Nd ions into regular lattice positions. In comparison, the
following graph was derived from results obtained with the Nd:MgO:LiNbOg sample.

I

II

ti

T
0 .0

0 .2

-----1------0 .4

T
0 .6

0 .8

1.0

Argon-ion laser power (W)

Figure 6.3. Fluorescence output of a bulk Nd:MgO:LiNbO 3 sample.

The graph exhibits a lineai" relationship between input power and fluorescence power
up to an input power of 1 W, corresponding to a beam power density of ~100W/cm^.
6.1.7 Bulk absorption spectrum ( E l c )

A z-cut Nd:MgO:LiNbOg sample (supplied by Pilkington U.K) was set up for bulk
absorption measurements (see figure 6.4). The TE polarised light from a diode laser
aiTay
(1=815 nm at 25 ^C) was collimated and passed through the sample, in a
lengthwise manner. The output from the sample was passed through RGIOOO block
filters, and recorded by a Germanium detector. The wavelength of the laser diode was
tuned by altering the diode case temperature, via the internal theimoelectric heater. A
tuning rate of 0.3 nm/^C was achieved by this method. Since the power output of the
laser diode changes with temperature the laser driver was set to a constant power
output mode.
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RGIOOO filter
Collimator
Ge
detector

Heatsink

Laser driver

I
Diode laser
array

Nd:MgO:LiNbO
sample

Figure 6.4. Set-up for a bulk absorption measurement in z-cut Nd:MgO: LiNbOg.

The assumption made in the experiment is that a maximum in the fluorescence output
conesponded to maximum absorption of the pump light in the sample. As the diode
laser wavelength was altered, the output was recorded, and a graph of the absorption
as a function of diode temperature was plotted (figure 6.5).
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Figure 6.5. Bulk absorption spectrum for z-cut Nd:MgO:LiNbO 3 (E JLc).

Figure 6.5 exhibits a peak at 6 °C and a secondary peak at -25 °C. The diode laser
wavelength at 25 °C was specified, by Spectra Diode Labs, to be 1 = 815±5 nm.
Taking the mean value as being the conect one, and assuming a tuning rate of 0.3
nmAC, then the main peak of the curve conesponds to a wavelength of 809 nm. This
peak and the general shape of the graph agrees, within the accm acy of the experiment,
with earlier published results
for this polarisation.
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6.2 BU LK AND W AVEGUIDE SPECTROSCOPIC PROPERTIES

In this section we present the spectroscopic properties of Nd:MgO:LiNbOg in both the
bulk and waveguide configurations. We begin with a discussion of the apparatus used
to obtain spectroscopic data from the neodymium doped lithium niobate samples.
6.2.1 D escription of the monochromator

A modified Czemy-Tumer mounting was used for the diffraction grating (see figure
6.6). Mj and M2 are mirrors of equal focal lengths f, and having slits Sj and 82 at
their focal points. An advantage of this arrangement is that optical aberrations are
greatly reduced.

Grating

Fi gure 6.6. Czemy-Tumer mounting for a diffraction grating.
In figure 6.6 the diffracted beam re-emerges from the system parallel to the incident
beam. In the monochromator used for the measurements relay mirrors were set at right
angles to the slits in order that the emergent beam was coincident with the incident
beam. The diffraction grating was driven by a stepper motor connected to a control
box. This allowed the grating to be driven at the chosen rate, normally 0.1 nm/second.
The output from the exit slit fell onto a photomultiplier tube (PMT), which was
shielded aginst stray light.
6.2.1.1 Slit w idth v resolution

The choice of slit width is a compromise between intensity and resolution. In the ideal'
case with an infinitely narrow slit and no diffraction there would be perfect resolution.
However, when finite slit widths are used and diffraction effects are considered, the
resolving power is limited. As the slit is widened the width of the main peak in the
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diffraction pattern increases and the resolution is decreased. The actual slit width is
expressed in terms of the spectral bandpass (in nanometers), and is equal to the width
of the sût image at the focal plane multiplied by the linear dispersion.
6.2.1.2 Calculation o f the bandpass

We will use a value of 0.1 mm for the slit width, and an effective focal length of 200
mm for the grating system. The diffraction angle can be found from equation (A. 1-2),
with a equal to P ("Littrow mounting" approximation)
o . -1 mX . _i mnX
P = sin
= sin -----2a
2
For the first order at 1 |Xm, and with n=600 l/mm we obtain
P=17.5°

The dispersion is then given by (A. 1-7)
dX 10* cos 17.5® .
,
— = ---------------- = 8nm / mm
Ox
600x200
If the width of the slit image at the focal plane is taken to be 0.1 mm, then
bandpass=0.1x 8=0.8 nm
This is the expected bandpass in the first order. In the second order the bandpass is
expected to be 0.8/2=0.4 nm. A wider slit width leads toan increase in the bandpass,
however thisallows more light to enter the monochromator,and hence bedetected.
6.2.2. C alibration o f the monochrom ator

In order to calibrate the monochromator, spectral sources with accurately known
wavelengths were used, namely. Helium Neon lasers at 632.8 nm and 1150 nm, a
semiconductor-diode laser at 811.5 nm, and a sodium lamp with spectral lines at
589.0 and 589.6 nm. The collimated beam, from each source in turn, was passed
through a 0.1 mm entrance slit via the monochromator and PMT, and the spectrum
was displayed onto a chart recorder. In this way a monochromator scale reading for
each source was obtained, and this allowed a calibration chart of actual wavelength as
a function of the scale reading to be plotted, figure 6.7
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Figure 6.7. Monochromator calibration chart.
Figure 6.8 is a correction chart, derived from figure 6.7, which plots the amount of
correction to be added to the scale reading as a function of the monochromator scale
reading.
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Figure 6.8. A chart of the error correction to be applied to the monochromator scale
reading.
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6.2.3 Calibration of the dye laser

Having accomplished the calibration of the monochromator, the next step was to
calibrate the dye laser. The tuning of the dye laser was performed by turning a
micrometer screw guage which in turn rotated a biréfringent filter (see Chapter 5). As
the micrometer was adjusted in discrete steps, the output from the dye laser passed
directly through the monochromator and onto the detector. The monochromator scale
reading, for each measurement, was corrected to actual wavelength by using figure
6.8. In this way a chart of dye laser wavelength as a function of micrometer scale
reading (in inches) could be plotted, (see figure 6.9)

608
604
600

f
«

596
592
588
584
580
0.42

0.44

0.46

0.48

0.50

0.52

0.54

Micrometer setting (ins.)

Figure 6.9. Dye laser calibration chart.
Having obtained these calibration charts, they were applied to spectroscopic
measurements in Nd:MgO:LiNbOg.
6.2.4 Absorption m easurements

X-cut Nd:MgO:LiNbOg doped with 0.1 atomic% Nd and 5% mol MgO was used to
investigate the spectroscopic properties of the material. Some large scale defects were
present in parts of the wafer, probably due to inconsistencies in the drawing process.
6.2.4.1 Bulk absorption spectrum (E//c)

Figure 6.10 displays the bulk absorption spectrum of an x-cut Nd:MgO:LiNbOg
sample, of thickness 50 mm, over the visible region. The spectrum was supplied by
Pilkington U.K along with the wafer
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Figure 6.10. Bulk absorption spectrum for an x-cut Nd:MgO:LiNbOj sample (E//c).
Comparing this spectrum with the absorption spectrum obtained with a protonexchange channel guide (figure 5.4), we can draw the conclusion that the
spectroscopic properties are unaltered in the waveguide configuration.
6.2.4.2 Channel waveguide absorption spectrum (E//c)
An x-cut Nd:MgO:LiNbOg sample was used for the absorption measurements. The
channel waveguides were fabricated using the annealed proton exchange method
described in Chapter 3. The set-up for the measimements is shown in Figure 6.11. TE
polarised light from the dye laser was launched into a channel waveguide and the
output was imaged through a pinhole onto a Si photodetector. The pinhole allowed
through only the output from the waveguide, and the detector response was flat over
the wavelength range used in the experiment. The coupling condition was optimised
by adjusting the lens with respect to the waveguide, and observing for a maximum at
the detector output. Then, as the dye laser was tuned over a range of wavelengths, the
waveguide output was recorded in dBpW. A constant dye laser power of 50 mW
before coupling (corresponding to ~20 mW coupled power) was maintained
throughout the experiment. This power output was controlled with a neutral density
wheel, and monitored with a thermopile-based detector. The sample was shielded
between each measurement to minimise exposure to the pump light (there was no
observable change in transmission over several minutes of exposure).
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Silicon
photodiode
recorder
X/2 plate

pinhole

From dye
laser

Nd:MgO:LiNbO.
sample

mirror

Figure 6.11. Set-up for waveguide absorption measurements.

A maximum in the measured output corresponded to an absolution minimum in the
sample, and vice versa. A value of zero absorption was assigned to the maximum
measured output (maximum transmission) and all other measurements were related to
this value (see figure 6.12).
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Figure 6.12. Proton exchange waveguide absorption spectrum (E//c).

We have assumed that the coupling and waveguide losses are constant over this
wavelength range.
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The graph displays the relative absorption, in dB/cm, as a function of the pump
wavelength. There are three absorption peaks visible, at 582, 592, and at 599 nm.
These peaks can be compared with those of figure 5.4, over this naiTow wavelength
range. We can resolve more detailed structure in figure 6.12, which helps us in
choosing the best absorption line to use for the laser experiments. We can compaie the
absorption graph obtained in this experiment to other published results. We find that
for this polarisation, that is E//c, other workers have measured absorption values in
excess of 6 dB/cm at around 600 nm
Differences relate to the fact that our results
are relative values, and absolute values would be expected to be higher. In addition,
the dopant concentration of neodymium in our sample is lower.
6.2.4.3 Ti-diffused channel waveguide absorption
As explained in Chapter 3, Ti-diffusion allows both polarisations of light to be
guided, since both the ordinary and extraordinary indices aie increased
An x-cut
Nd:MgO:LiNbOg sample, with the waveguides fabricated along the y direction, was
used for the measurements. The guides were prepared by diffusing 70 nm of titanium,
in 7 pm wide strips, for 8 hours at 1050 ®C. The sample was examined after the Tidiffusion and displayed evidence of discoloration. This effect has not been reported by
other workers, and is presumably due to the increased mobility of Nd ions at these
high temperatures (melting point of Nd~1000 °C). The effect on the spectroscopic
properties of Nd:MgO:LiNbOg appears to be minimal, however.
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Figure 6.13. Ti-diffused waveguide absorption spectrum (E//c).
The set up used for the absoiption measurements was similar to that shown in figure

136

6

: Nd:MgO:LiNbO, CHANNEL WAVEGUIDE LASER EXPERIMENTS

6.11. For each polarisation of the pump, namely TE (E//c) or TM (E lc ), the
waveguide output was measured as a function of the pump wavelength. A value of
zero absorption was assigned to the maximum measured output, in each case, and all
other measurements were related to this value. Graphs were plotted of waveguide
absorption against pump wavelength for both polarisations (see figures 6.13 and
6.14). A constant dye laser power of 20 mW was maintained throughout the
experiment (other wavelength-dependent losses were assumed to be minimal and
constant over this wavelength range). The absorption spectrum shown in Figure 6.13
can be compared with that of figure 6.12 for a proton exchange waveguide. The
spectrum has a similar shape and peak absorption value. We can therefore conclude
that the spectroscopic properties of proton-exchanged and Ti-diffused waveguides, in
Nd:MgO:LiNbO^, are similar.

6

I

3
§
"C

Î
_2

oe,

5

4

3

1
0
570

580

590

600

610

Wavelength (nm)

Figure 6.14. Ti-diffused waveguide absorption spectrum (E lc).

The position of the peaks of absorption for E lc are shifted slightly with respect to
those for E//c. This compares with the results of Fan et al.,
for the bulk case,
where a shift in the spectrum was also observed. At a wavelength of around 810 nm
the absorption for E//c (a=5.4dB/cm is higher than that for E lc (a =4.5dB/cm)
showing the potential in using this pump wavelength.
6.2.5 Fluorescence spectra
The flourescence spectra of Nd:MgO:LiNbOg proton-exchange waveguides. Titanium
diffused waveguides, and bulk samples were investigated.
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6.2.5.1 Fluorescence spectra (bulk v waveguide)
The bulk fluorescence spectrum near 1 pm was recorded. Figure 6.15 is a
fluorescence spectrum obtained by pumping a z-cut Nd:MgO:LiNbOg sample with TM
polarised light from an argon-ion laser at 514.5 nm.
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Figure 6.15. Graph of the bulk fluorescence (E//c)
A high resolution spectrometer and nitrogen cooled PMT detector was used to obtain
the spectrum. The spectrum exhibits a main peak at 1084 nm and two smaller peaks at
1078.6 nm and at 1093 nm. The fluorescence linewidth at 1084 nm has a full width at
half maximum (FWHM) of 2.5 nm. This is the high gain n polarisation (see Chapter
5.1) which is linearly polarised parallel to the c-axis. A fluorescence spectrum of a
proton exchange channel waveguide fabricated in x-cut Nd:MgO:LiNbOg was also
recorded (figure 6.16). Except for the restriction to the E//c spectrum, it was found to
present the same peak emission wavelength and transition linewidth. By placing a
polariser just before the entrance slit of the monochromator it was possible to select
purely TM or TE polarised light. It was found that when set to allow only TE
polarised light through to the monochromator, the output was a factor of one hundred
times greater than that for TM polarised light. The conclusion to diaw from this is that
the TE polarised light beam from the pump source remains TE after emerging from the
waveguide.
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Figure 6.16. Graph of proton exchange channel waveguide fluorescence.

6.2.S.2 Fluorescence spectra (Ti-diffused guides)
To study the neodymium fluorescence, the Ti-diffused waveguides were endfire
pumped with the dye laser emitting at 599 nm.
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Figure 6.17. Fluorescence spectrum of a Ti-diffused waveguide with a TE polarised pump
(E//C).
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For the fluorescence studies the pump radiation was polarised either along the c axis
of lithium niobate (E//c), or perpendicular to the c axis (E_Lc). A polariser placed
before the detector selected the polarised output from the waveguide. Two separate
spectra were recorded for TE (E//c) and TM (E_Lc) polarised fluorescence. The
strongest fluorescence was observed at 1084 nm and was predominantly n polarised
(figure 6.17). The a-polarised contribution was weaker and exhibited several peaks,
at 1081, 1088, and at 1094 nm, figure 6.18
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Figure 6.18. Fluorescence spectrum of a Ti-diffused waveguide with a TM polarised
pump (E JLc).
It should be noted that polarisation-dependent losses would be expected to alter the
ratio of the observed fluorescence to some extent (section 6.3.3.2).

6.3 WAVEGUIDE CHARACTERISATION
An x-cut sample of dimensions 1 mmxlO mmx 15 mm was used for waveguide
fabrication. Waveguide channels of dimensions 4.0 to 5.0 |im were defined, by the
etching process (Chapter 3.6.2), along the y direction. The waveguides were prepared
by immersion in benzoic acid/14% mol KNO3 for 50 minutes at 205 ^C and then
annealed for 60 minutes at 350 ^C in flowing oxygen. The ends of the substrate were
polished and the resulting length was 13.0 mm.
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6.3.1 Modal analysis
The pump source at 600 nm was launched through the waveguide, and the waveguide
output observed on the TV monitor. By adjusting the coupling conditions it was
possible to launch into different waveguide modes. These were more easily observed
by defocussing them, in the far field, via the output lens. A maximum of three modes
were obsei*ved on the monitor with the guides of 5 jam width (see figure 6.19)

Figure 6.19. Photograph of the mode profile at 600 nm.

Figure 6.20. Photograph of the mode profile at 1084 nm.
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The fluorescence output was recorded by placing RGIOOO block filters in front of the
camera, in order to block the pump light. A single mode TEqq was observed for the
guides of 4,0 and 4.5 pm width (see figure 6.20). A double mode was observed for
the guides of 5 pm width, suggesting that all of the waveguides were well above cut
off at a wavelength of 1 pm. A single-stripe semiconductor diode laser at 1=812 nm
was used to launch light into the channel waveguide. The near field was imaged with a
microscope objective onto a CCD camera and the depth and width intensity profiles
recorded onto a monitor screen and photographed. The waveguide mode profile in
width has a Gaussian shape. In depth the intensity profile is approximated by a
Heimite-Caussian function over most of the profile. Neai' the surface of the substrate,
however, the intensity rolls off more slowly than the Hermite-Gaussian function
(figure 6.21), due to the cover being of lower refractive index than the substrate.

I

Figure 6.21. Photograph of the mode profile in depth (at 812 nm).
6.3.2 Mode dimensions of the channel guide
The width and depth intensity mode profiles were examined at the pump wavelength
of 813 nm, and near the laser wavelength at 1150 nm. The near field was imaged with
a 15 mm focal length objective lens onto an infra-red camera and displayed on a
monitor screen. A calibration was determined by using a single-mode fibre with
precisely known mode dimensions. The mode profile of the HE^ mode of a stepindex fibre is approximated by a Gaussian distribution with 1/e width w given by

w = d

1.615 2.879
0.65 4-——
-tV'
V1.5
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where d is the core diameter, and V is the V number given by

V = (^ ^ jN A

(6.3-2)

where NA is the numerical aperture of the fibre.
A polarisation-preserving fibre of core diameter 3.25 |im, and NA of 0.1 was used
for the calibration. The V number obtained from equation (6.3-2) is equal to 2.51, and
using equation (6.3-1) the 1/e width is then w=(3.25x 1.07)=3.48 |im (X= 813 nm).
By relating the waveguide spot-size measurements to that of the fibre, and assuming
identical objective-induced distortion for both cases we obtain
(0^ p=3.5±.2 pm, cOy p=3.3±.2 pm;

^=5.01.2 pm, cOy ^=4.61.2 pm

Recall that the effective pump area is given by

A

_

^

Aeff - -

(1/2/

[Wx.p^+Wx.s^)

0

o\l/2

K.p^+® y.s^)

[5.4-14]

Using the above data results in an effective pump area of Ag^54±4 pm^
The error in calculating the effective pump area arises from the difficulty in tracing the
exact profile of the 'spot-size' off the screen. The power levels detected by the infra
red camera were relatively low (~pW) so as to ensure that its response was linear.
6.3.3 Loss m easurem ents

Two methods were used to determine the waveguide losses, both of which were
outlined in Chapter 3.3.4,
6.3.3.1 W aveguide throughput method

The aim of this experiment was to launch a known optical power into the waveguide
and measure the optical power emerging from it. The experimental set-up consisted of
a polarised 1.15 pm He-Ne laser beam focussed by an 8 mm focal length objective
lens (NA=0.5) onto an x-cut channel waveguide of 4.5 pm width (fabricated by the
annealed proton exchange technique outlined earlier). The light transmitted through the
waveguide was collected by a 15 mm focal length objective lens and relayed via a
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mirror to a Germanium photodiode. An aperture placed just in front of the detector
received only the waveguide output (figure 6.22)

Germanium
photodiode
recorder

8 mm
f.l lens

15 mm
f.l lens

pinhole

He-Ne laser
Nd:MgO:LiNbO

mirror

Figure 6.22. Set-up used to measure the waveguide loss by the throughput method.
The following are the results of the waveguide output measurements, and the mean
value. The direct laser output was measured by placing the detector in the position
outlined by dashed lines in figure 6.22.
laser output (dBpW )

waveguide output (dBp,W)

23.9
24.5
24.7
31.6

mean

24.4±0.4

Table 6.1. Waveguide output measurements (at 1.15 pm).
There are four loss mechanisms associated with this experiment namely, coupling
loss, Fresnel reflection loss, waveguide (internal) loss, and external losses (loss
through the optics and relay mirror). The absorption due to the neodymium at both
633 nm and at 1.15 pm is minimal and can therefore be neglected. The Fresnel and
external losses could be determined reasonably accurately, whilst the coupling loss
has to be estimated.
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From the output measurements we obtain
total Ioss=31.6-24.4=7.2 dB
Now for a guide of refractive index n^^^, the loss by Fresnel reflection is given by

R=

(6.3-3)
v^eff

For an annealed proton exchange waveguide n^ff=2.l9 (at 1.15 |im), and from
equation (6.3-3) R is 0.14. This loss occurs at each interface, and so the total loss per
pass is 0.28 or 1.4 dB. The loss (at 1.15 p,m) from a good quality aluminium mirror
is 5% or 0.2 dB. If the loss through the optics is also 0.2 dB, we obtain by
subtracting these losses from the total loss
waveguide and coupling Iosses=7.2-l.8=5.4 dB

(6.3-4)

C oupling efficiency
The maximum coupling efficiency between a Gaussian beam and a channel waveguide
is given by

K = - ----------- ^ ------------ T
a

Wxfa

(6.3-5)

coy^

where 2co^ and 2c0y are the beam widths of the rectangular mode, parallel and normal
to the surface respectively, and a is the mode radius of the circular Gaussian mode
Consider a lens which produces a focal spot of waist w^. If cOj is the spot size (radius)
of a collimated beam incident on the lens, and f is the focal length of the lens, then the
spot size Wj is given by

Wf = ----71CÛ1

(6.3-6)

with f=8 mm, 2cOj=1.0 mm, and ^=1.15 pm, the beam waist w^ found from (6.3-6)
is 5.9 pm
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Taking this value as the mode radius of the circular Guassian mode, and our values
for the mode widths obtained in section 6.3.2 (for 1.15 |L im ); co^=5.0 |im, (0^=4.6
|im, we obtain from (6.3-5)
K=50%.
This is equivalent to a coupling loss of 3 dB. Subtracting this loss from (6.3-4) we
obtain the waveguide loss over the length of the waveguide
5.4-3.0=2.4 dB
Dividing through by the waveguide length, ^=1.3 cm, we obtain a waveguide loss of
1.8 dB/cm (at 1.15 |im).
The largest error in this calculation arises from the estimation of the coupling
efficiency. If the coupling efficiency is worst than expected, say 40% (~4 dB loss),
then the waveguide loss becomes 1.1 dB/cm. Clearly this method of determining
waveguide losses is dependent on a good knowledge of the coupling efficiency.
W aveguide loss (at 633 nm)

The experiment was repeated with a 633 nm He-Ne laser, and using a Silicon
photodiode to record the waveguide output. The results from the output measurements
are shown in table 6.2
laser output (dB pW )

w aveguide output (dBp,W)

23.5
24.1
mean

31.2
Table 6.2.

23.8±0.4

Waveguide output measurements (at 633 nm).

From the output measurements we obtain
total loss=31.2-23.8=7.4 dB
Certain differences occur with this source. Due to the slightly different effective index

146

6

: Nd:MgO:LiNbO« CHANNEL WAVEGUIDE LASER EXPERIMENTS

at 633 nm the Fresnel loss:R=(0.15x2)=0.30 or 1.5 dB. The external losses are 0.5
dB. Subtracting these losses from the total loss we obtain
waveguide and coupling loss=7.4-2.0=5.4 dB.
Since spot size is proportional to wavelength we would expect a smaller spot from a
633 nm laser as compared to 1.15 |im. This would indicate a higher maximum
coupling efficiency with this source, say 55%, or a loss of 2.6 dB. The waveguide
loss is then
5.4-2.6=2.8 dB or 2.2 dB/cm
The higher loss at 633 nm could be explained by the fact that more than one mode is
present. Therefore mode coupling would be expected to occur and only under strict
conditions would couphng to a single mode be possible.
Z-cut channel waveguide

The etching method was used to define 5 to 6 |im wide channels, along the y direction
in a z-cut Nd:MgO:LiNbOg sample. The waveguides were prepared by immersion of
the substrate in benzoic acid diluted with 14% mol KNO3 for 45 minutes at 203 °C.
The sample was then annealed for 3 hours at 350 °C in flowing O2. The ends of the
substrate were polished and the resulting length was 11.0 mm. The waveguides were
characterised and found to be single mode at 1.15 |im and triple mode at 633 nm. The
set-up shown in figure 6.24 was used to estimate the waveguide loss, with a 1.15 |im
laser beam focussed into a 5.5 fim channel. Assuming a coupling loss of 3 dB, the
waveguide loss, obtained using the same procedure as before, was found to be 2.3
dB/cm. This value is somewhat higher than that for the x-cut waveguide, presumably
related to the longer annealing time which caused an increase in the scattering loss.
6.3.3.2 Fabry-Perot resonance method

A polarised multimode He-Ne laser at 1.15 |im was used as the light source. (An
interference filter placed in front of the laser suppressed an adjacent emission at 1160
nm). The laser beam was end-fire coupled to the low-finesse stripe waveguide, placed
in a small crystal oven. This took the form of a ceramic plate with duralumin wire
coiled into a groove in its base. The sample was placed on top of the plate with a heat
conductive paste in between, and the wire was connected to a d.c power supply. The
wire became heated through the Joule effect, and this slowly heated up the sample. A
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chopper acted as a reference signal to a lock-in amplifier, and a Germanium
photodetector took the signal output. A chart recorder displayed the output from the
photodetector (see figure 6.23)

A/2 plate
interference filter

crystal heater
chopper

ins

I------------ 1
detector

He-Ne laser
I

1

lock-in amplifier

chart recorder

Figure 6.23. Schematic of the Fabry-Perot resonance method applied to waveguide loss
measurements.

After a few heating cycles the current was switched off and the sample allowed to
cool. Several orders of interference were observed per degree Celsius, see figure 6.24
40

Î
3
s

T e m p e ra tu re

►

Figure 6.24. Fabry-Perot resonances obtained for a proton exchange waveguide.
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Relative values for the minimum and maximum intensity were recorded and the results
from the highest contrast fringe are presented below:
Imi„=30-0 ±0.1
Table 6.3.

I m

a x = 4 0 . 0

±

0

. 1

Fringe intensity results (arbitrary units).

From equation [3.3-3]

K = L s 2_Jmin =0.143 ±0.004
I^max 4-Ï
~ ^min
From [3.3-5]
R4

( i - v r -K ^ =0.0719

From [3.3-7]

R=

=0.139
I^eff +1

From [3.3-8]

^max

4.34

(in R - In r )

where I is the length of the waveguide (^=1.3 cm)
We evaluate the attenuation coefficient as being
ttmax = 2.2 ±0.1 dB/cm
The investigations were performed with a He-Ne laser having two longitudinal
modes. Therefore the coherence length is reduced to approximately 40 cm, leading to
a reduction of the contrast of the Fabry-Perot resonances. Due to imperfections
induced by the polishing procedure the end-fire reflectivity R is also reduced. The
evaluation of the attenuation coefficient thus yields a higher value than the true one.
The actual loss is expected to be in the range 1.3 to 1.6 dB/cm. Other workers have
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achieved similar or better results with proton exchanged waveguides
T i-diffused channel waveguides

Ti-diffused waveguides were fabricated in x-cut Nd:MgO:LiNbOg by diffusing 70 nm
of titanium in 6.5 pm to 7.5 pm strips, for 8 hours at 1050 °C. Using the same
procedure as before, Fabry-Perot resonances were obtained for both polarisations of
the guided modes, namely TE and TM (figure 6.25)
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6 .2 5 . Fabry-Perot resonances obtained for Ti-diffused waveguides in two polarisations.

TE mode
Lax=17-7

Imin=160

K=0.050: R =0.025
TM mode
Lax=7.3
K=0.035: R =0.0175
Table 6.4. Fringe intensity results for a Ti-diffused guide.
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Since the refractive indices in the ordinary and extraordinary directions are different,
then the Fresnel reflections will also be different. Assuming that the index increases
by the same amount in both directions then
R (n J = 0.133;RK)=0.140
For the TE polarisation the waveguide loss is

“ max = -^ (In O .B a -ln O .0 2 5 0 ) = 5.6 dB/cm

For the TM polarisation the waveguide loss is

«max =

4 34

0.140 - In0.0175) = 6.9 dB/cm

Due to the multimode nature of the laser beam, the losses expected are 4-5 dB/cm and
5.5-Ô.5 dB, for the TE and TM polarisations respectively, indicating that the guide is
more lossy in TM polarisation (E_Lc). Out-diffusion
results in unwanted planar
guiding for the extraordinary index n^, which corresponds to the TE polarisation. It
should be noted that for high Ti-concentration waveguides, the diffusion rate for n^ is
less than that for n^, and this partly counteracts the effect of the out-diffusion, since
the TM mode is closer to cut-off.
6.3.4 M irror perform ance
Dielectric mirrors comprised of ZnS and Cryolite layers were deposited directly on the
polished endfaces of the waveguides. Both mirrors had a reflection band centred
around 1000 nm in wavelength. For the first mirror characteristic the input mirror
consisted of alternating 7-ZnS and 6-Cryolite layers (1/4-wave at 1 pm). A test glass
(white crown) was simultaneously coated, and this was used to test the mirror
reflectance. The beam from a 1.15 pm He-Ne laser, of known power, was directed at
the mirror and the reflected beam measured with a Germanium detector. The mirror
was positioned so that it was almost normal to the laser beam, to ensure that the
correct mirror reflectance was being measured. A reflectance of 94% was measured
from the glass. On a lithium niobate substrate a lower figure of 91% was expected at
1.15 pm, and by examination of the reflectance curve (figure 5.10), 98% at 1084 nm.
A similar measurement made at 599 nm indicated a transmission of -80%. At 814 nm,
a transmission of -60% was measured, and so the coupling efficiency was reduced
with this source. The second mirror served as the output coupler around 1 pm.
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Therefore an alternating stack of only 5-ZnS and 4-Cryolite quarter-wave layers was
chosen to achieve a transmittance o f -4% at 1.084 qm. These measurements were
determined from a test surface. In order to check the properties of the guides
themselves a further test was performed. Light from a 1.15 pm He-Ne laser was
launched into a channel waveguide and the waveguide output obseiwed and compared
to that through a waveguide channel with no end mirrors. Only a small fraction of the
incident light was transmitted by the mirrors confirming their high reflectance at this
wavelength. Conversely with a z-cut sample, deposited separately, approximately five
times more light was transmitted through the waveguide. This illustrates the poorer
mirror quality for this sample (and/or imperfect polishing of the end faces).

6.4 LASER MEASUREMENTS
Continuous room-temperature laser operation was achieved in two samples of
Nd:MgO:LiNbOg, one of each cut, namely x and z. The laser oscillation was obtained
in the high-gain or k polarisation at a wavelength of 1084 nm. For the x-cut sample,
results were obtained for two different mirror characteristics.
6.4.1 Dye laser setup
The experimental arrangement used for the initial laser experiments is illustrated in
Figure 6.26.
Beam
expander

Attenuator

Mirror
RG6 Dye Laser

Argon-ion Laser

RGIOOO filter

A/2 plate

To driver

Iris
Mirror

Monochromator
mm f.l
lens

PMT

15 mm f.l 1
lens
/
pinhole

Chart Recorder

Figure 6.26. Experimental set-up for dye laser pumping of a channel waveguide.

152

6

: NdiMgOiLiNbOj CHANNEL WAVEGUIDE LASER EXPERIMENTS

It consists of the pump lasers, the Nd:MgO:LiNbOg laser cavity, and the detection
elements. The pump laser was a cw Rhodamine 6G dye laser, tuned to the absorption
peaks of the material. A half-wave plate was used in order to select the appropriate
polarisation (TE for x-cut, and TM for z-cut samples). An 8 mm focal length
microscope objective focussed the beam onto the waveguide, and a 15 mm focal
length objective collected the output from the waveguide. A pinhole, placed before the
entrance slit of the monochromator, was used to suppress the fluorescence excited in
the substrate by the uncoupled pump light. An RGIOOO block filter allowed
approximately 70% of the laser output to pass to the monochromator whilst
supressing the pump radiation. The monochromator used a 600 lines/mm grating
blazed for 1 |im, and by using 0.1 mm slits, a spectral bandpass, in the second order,
of 0.6 nm was obtained. A photomultiplier tube, shielded from stray light, was
positioned at the exit slit of the monochromator, and its output fed to a chart recorder.
6.4.1.1 X -cut laser characteristic (96% ouput reflectance)

To form the dielectric mirrors, thirteen layers were deposited for the input mirror, and
nine layers for the output mirror, resulting in reflectances of -98% and 96%
respectively. Using the set-up of figure 6.26, and pumping at 599 nm, waveguide
laser emission was observed in all the waveguides with widths 4.0 to 5.0 |J,m. The
most efficient waveguide laser was the 4.5 |im-wide guide, owing to its relatively low
effective pump area and propagation loss. The 5.0 |im-wide guides had a slightly
higher threshold value. One might expect the wider guides to have a lower threshold,
since they are further from cut-off, and should have a lower propagation loss.
However, the 5.0 jim-wide guides were close to being double-moded at the laser
wavelength, and this resulted in poor mode overlap between the pump and the
waveguide laser. In addition to this, some of the 5.0 pm-wide guides were very close
to the edge of the sample, where the photolithography was less than perfect. Figure
6.27 is a waveguide laser emission spectrum obtained with a pump power of 50 mW
incident on the waveguide. The spectrum was obtained in the second order, with a
spectral bandpass of 0.6 nm. Thus the full width at half maximum (FWHM) of the
laser emission must be 0.6 nm or less (the FWHM found by Lallier, et. al. [i^l was
0.4 nm). Compared with the peak fluorescence wavelength at 1.084 pm, there was no
detectable shift in wavelength as the pump power was increased. This contrasts with
the results of

where there was a shift to longer wavelengths as the pump power

was increased.
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bandpass
=0.6 nm

1080

1085

1090

W avelength (nm )

Figure 6.27. Proton exchange waveguide laser emission spectrum.

The set-up shown in figure 6.28 was used to measure the waveguide laser output as a
function of the pump power. The waveguide output was passed through two RGIOOO
filters (pump light attenuated by a factor of 10^) and through a pinhole onto a
Germanium photodiode. The pinhole discriminated against the fluorescence excited in
the substrate by the uncoupled pump light, and the detector was shielded from stray
light
Germanium
photodiode
recorder
RG 1000 filters
8 mm
f.l lens

pinhole

15 mm
f.l lens

PUMP
Nd:MgO:LiNbO
sample
Figure 6.28. Set-up for measurement of the waveguide laser output power.
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As the pump power was increased, the waveguide laser power output was recorded
(see table 6.5). To prevent photorefractive damage the sample was shielded, from the
pump laser, between measurements
Input pump power (±1 mW)

W aveguide output (dB pW )

30

-138.0

40
46
55

6.5
12.5
16.1

60

18.1

66
100
140

18.9
21.6
23.6

Table 6.5. Waveguide laser output results for the first mirror characteristic (96% output
reflectance).
Now a more useful unit of measurement is the actual pump power absorbed in the
waveguide. The absorbed pump power
which is taken to include nonresonant
losses due to scattering, is given by

Pabs=PinputX«XTX11cXa,
where a is the absorption coefficient at the pump wavelength, T is the transmission of
the pump light through the input mirror, r|^ is the coupling efficiency, and
is the
propagation loss coefficient (at 1.084 pm)
With the dye laser set at 612 nm (away from the neodymium absorption bands), and
launching through an 8 mm focal length lens, the power output from the waveguide
was measured and compared to the incident power. From these measurements, and
including the residual reflection at the pump wavelength, the coupling efficiency was
estimated to be 50±3%. According to figures 5.4 and 6.12, the absorption at 599 nm
is 4.2 dB/cm corresponding to an absorption of 72% over the length of the sample.
The mirror transmission, at the pump wavelength, was found to be 80% (see
reflectance curve), and the propagation loss coefficient was taken to be 1.3 dB/cm or a
32% loss over the length of the waveguide
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Collecting together all the above coefficients, the pump power absorbed is
Pabs = Pin x0-72x0.80x0.68x0.50 = P,n

XO.196

In order to obtain the waveguide power output in units of pW we use the following
expression

dBpW = lOlogio

‘^output

IpW

and solve for Poutput
The reading from the detector has to be corrected in order to account for various
losses. The relay mirror, which has an aluminium coating, reflects 95% of the
waveguide output (at 1 pm), the two RGIOOO block filters transmit 0.69x0.71 of the
waveguide output, and assuming that the output coupling lens has a transmission loss
of 5% (at 1 pm), the final waveguide power output is equal to
Waveguide output power=Recorded outputx 0.442
After making the above conections we can plot a graph of waveguide laser output as a
function of the absorbed pump power (see figure 6.29)
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Figure 6.29. Waveguide laser characteristic for 96% output rellectance (599 nni pump).
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A least squares fit to a straight line was made to the experimental data. The
extrapolated threshold pump power was found to be 6.5 ±0.8 mW.
Slope efficiency
The device slope efficiency is defined as the slope of the curve fit ie. the ratio of the
single end output power to the absorbed pump power above threshold or

where
is the waveguide output power,
is the absorbed pump power, and P^
is the absorbed pump power at threshold. The slope efficiency determined from figure
(6.29) is 2.7 ±0.2 %
The slope efficiency may be approximated by
S g 0 - ^ 2) - ^
8
Vp
where R2 is the output mirror reflectance, 5' is the total round-trip loss,
the signal and pump frequencies respectively.

(6.4-2)

and v^ are

5' is related to the round-trip loss exponent factor Ôthrough
8' = l - e “*

(6.4-3)

Therefore 5=5' is vahd only for small round-trip losses.
The round-trip exponent factor (Chapter 5.4) is given by
0 = 2as^-ln(RiR2)

(6.4-4)

Now from Chapter 3.7, we estimated that the maximum error due to the polished end
faces not being fully
perpendicular to the waveguideswas 10.3dB.Taking our
measured values of a^, Rj,R2, and an average alignment error of 0.3dB, we obtain,
from (6.4-4), 5=0.97.
From (6.4-3) we obtain, the total round-trip loss, 5=0.62.

157

6

: Nd:MgO:LiNbO, CHANNEL WAVEGUIDE LASER EXPERIMENTS

This leads to a calculated slope efficiency, given by (6.4-2)

S = (l-0.96)xogg=3g%
0.62
This value for the slope efficiency agrees reasonably closely with the measured figure.
The discrepancy is due to the uncertainty in the absorbed pump power. Recalling the
the equation for the absorbed pump power from Chapter 5.4,
hv„ 6

Pth=— ^ :rA e ff
^spont ^
with g=1.8x10"^^ cm^, an estimated effective pump area
measured values for R^, R2, and a^, we obtain P^h=4.4 mW.

(6.4-5)

of 50 |im^, and

This value is somewhat less than the measured one. The errors in calculating
arise
from the estimate of the effective pump area, and in the measurement of the waveguide
loss. However, even after taking these errors into account, the measured value is still
~20% higher than the calculated value. On a separate occasion, and using the same
pump source, an absorbed pump power of 5 mW was measured, which is closer to
the calculated value. The lower threshold might be the result of better ahgnment of the
pump beam with the waveguide, enhancing the transfer of pump light into the lasing
mode. It should also be noted that when measuring low pump power levels (<20 mW
input power) the black-body power meter was less accurate.
6.4.1.2 X -cut laser characteristic (80% output reflectance)

After removing the end mirrors, by immersion of the sample in a hydrogen peroxide
bath, a new mirror characteristic was constructed. To ensure peak reflectance at 1084
nm each layer was overcompensated by stopping the coating run as the galvanometer
pointer moved off the maximum/minimum. This ensured that the layer thickness was
slightly beyond 1/4-wave at 1050 nm, thus increasing the wavelength of maximum
reflectance to -1080 nm. Thirteen layers were deposited for the input mirror, resulting
in an expected reflectance of 99%, and five layers were deposited for the output
mirror, resulting in 80% reflectance.
599 nm pump:

The dye laser was tuned to 599 nm and launched into the 4.5 |im-wide channel
waveguide. The waveguide output was passed through two RGIOOO filters and
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through a pinhole onto a Ge detector. As the pump power was increased, the
waveguide power output was recorded. Using the same correction factors as for the
first mirror characteristic, a graph of waveguide laser output as a function of the
absorbed pump power was plotted (see figure 6.30)
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Figure 6.30. Waveguide laser characteristic for 80% output rellectance (599 nm pump).
A least squares fit to a straight line was made to the experimental data. A tlireshold of
4.0±0.5 mW absorbed pump power was measured, and a maximum output power of
2.4 mW recorded. The slope efficiency found from the graph was 14.1 ±0.6%.
Taking the same error due to the misalignment of the end-faces, and our measured
values of a^, Rj, and R2, we obtain, from (6.4-4), 5=1.15. From (6.4-3) we obtain
5=0.68. This leads to a calculated slope efficiency given by (6.4-2)

S=

( ^ - 0 ' 80) x

0.68

0 . 55= 16. 1%

This value for the slope efficiency agrees to within 13% of the measured value. The
theoretical limit of the slope efficiency is given by the ratio of signal to pump photon
hv,
energy or — -. With the pump emitting at a wavelength of 599 nm, the theoretical
hVp

limit is 55%. Therefore tliere is scope for further improving the slope efficiency of the
system.
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592 nm pump
The dye laser was tuned to the 592 nm absorption band and launched into the
waveguide. Again as the pump power was increased the waveguide output power was
recorded. A similar correction was made to the results with the exception of the
absorption efficiency which is higher, 78% compared to 72%, at this pump
wavelength. A plot of waveguide laser output against absorbed pump power (figure
6.31) displays an absorbed pump power threshold of 4.0±0.5 mW, and a slope
efficiency of 14.2±0.6%. The maximum output power obtained was 2.8 mW (limited
by the available pump power)
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Figure 6.31. Waveguide laser characteristic for 80% output rellectance (592 nni).

The absorbed pump power threshold for the two cases, namely pumping at 599 nm
and at 592 nm, are the same. The advantage in using the pump at 592 nm is the lower
pump power input required for laser oscillation. At 599 nm the pump power required
was -20 mW, whereas at 592 nm this was lowered to -18 mW. The difference in the
input pump power is simply a result of the improved absoi*ption efficiency of the
pump light at 592 nm.
6.4.1.3 Waveguide laser characteristic (80/99%)
The sample was positioned so that the low transmitting face acted as the output
coupler, and light from the dye laser emitting at 592 nm was launched into the 4.5
pm-wide waveguide. By a similar process, to that used for the high transmitting face,
a characteristic cui*ve was obtained (see below)
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Figure 6.32. Waveguide laser characteristic for the 1% output coupler.
The threshold found from figure 6.32 is 4.5±0.5 mW, which is similar to that of the
80% reflecting output mirror. Both results lie within the experimental eiTor of each
other. This agreement is to be expected since the oscillating power within the cavity
should be the same in both cases. The slope efficiency, from figure 6.32, was found
to be 1.1±0.2%. The slope efficiency is proportional to the output coupling (equation
6.4-2), and this is lower with the above characteristic.
6.4.1.4 Z-cut laser characteristic

Waveguide channels were fabricated in z-cut Nd:MgO:LiNbOg doped with 0.1% Nd
and 5% mol MgO. The waveguide fabrication was described in section 6.3.3.1. The
resonator was fornied by coating 99 and 96% reflecting miirors on the substrate end
faces. With the dye laser set at 592 nm and with the pump light TM polarised, the
laser characteristic was obtained for the z-cut sample. In this case the electric field is
still parallel to the c axis and so the spectroscopic properties should be identical to
those for proton exchange x-cut waveguides. This was confirmed by measuring the
absorption as a function of wavelength and comparing it to the x-cut sample. A
correction was made to the results, since the waveguide loss was -40%, and due to a
larger waveguide mode size, the coupling efficiency improved to 60%. The following
graph plots the channel waveguide laser output as a function of the absorbed pump
power
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Figure 6.33. Graph of the Z-cut laser characteristic for a nominal 96% output reflectance
(592 nm pump).

The pump power threshold was 28±2 mW, and a maximum output power of 0.11
mW was obtained. The high threshold is presumably caused by high waveguide
losses, due to increased scattering, and poor miiTor quality (confirmed in section
6.3.4). The waveguides were wider than those for the x-cut sample (5.5 fim
compared to 4.5 pm) and so alignment losses would also be expected to be higher,
(according to the analysis in Chapter 3.7).
6.4.2 Diode laser set-up
The Nd:MgO:LiNbOg channel waveguide laser was also pumped with a collimated
gain-guided, single stripe laser diode, emitting 50 mW at 811.5 nm
figure 6.34.
As discussed in Chapter 5.4 a disadvantage of the gain-guided diode laser is that the
beam is highly diverging and elliptical, as well as being astigmatic. To circumvent this
problem, which prohibits efficient coupling to the waveguide, a system of beam
shaping optics was used to modify the beam. A cylindrical lens compensated for the
40 pm of astigmatism inherent in the device, and an anamoi*phic prism pair was
adjusted to provide an expansion of two, in order to shift the beam into a nearly
circular profile. An 8 mm focal length objective lens focussed the beam onto the
waveguide, and a 15 mm focal length lens collected the waveguide output. No attempt
was made to isolate the sample from the pump, and this might have led to some
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feedback to the diode laser. The waveguide laser output was passed through two RG
1000 filters, in order to suppress the pump light, and through a pinhole placed before
the entrance slit of the monochromator.

Cylindrical lens
Nd:M gO :LiNbO g
sam ple

RG 1000
block filter

To m onocluom ator
C ollim ating
lens
Gain-guided
laser diode

A nam oiphic
prism pair

F ocusing
lens

C ollim ator

Figure 6.34. Experimental set-up for diode laser pumping of a channel waveguide.
The diode laser had an emission wavelength of 811.5 nm at 20 ®C. In order to achieve
better absorption in the waveguide, the laser diode case temperature was increased to
25 ^C. This shifted the laser diode wavelength to 813 nm, corresponding to -75%
absorption in the waveguide.
6.4.2.1 X-cut laser characteristic (96% output reflectance)
The minor characteristic was the same as that for the initial laser experiment, namely
input and output reflectances of -98% and 96% respectively. The diode laser beam
was launched into the 4.5 pm-wide waveguide. The waveguide laser began to
oscillate when the pump power input reached 42±2 mW. If the absorption of the
pump light, over the length of the waveguide, is 75%, the transfer efficiency is 16%,
and the waveguide propagation loss (at 1.084 pm) is 1.3 dB/cm (32% loss), the
pump power absorbed at threshold is given by
Pj, =42 mWxO.75 x 0.16 x 0.68 = 3.4±0.6 mW
This value agrees reasonably closely with that obtained from theory (Pth
mW). The uncertainties in the theoretical value include the waveguide loss, and the
value of a, for which the largest published value was assumed
With the diode laser source we could only pump at or just above threshold, so a
laser characteristic could not be obtained. However emission specüa showing the laser
just below threshold, and above threshold are displayed in figures 6.35 and 6.36
respectively
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Figure 6.35.Diode pumped emission spectrum just below threshold.

The spectrum exhibits several peaks below threshold, however the peak at 1084 nm is
beginning to dominate the spectrum, indicating that we are approaching the threshold
for laser oscillation.
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Figure 6.36.Diode pumped emission spectrum above threshold.
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Above the threshold for laser oscillation the spectrum narrows, and there is a fifty-fold
increase in the waveguide laser output. The waveguide laser output power was
estimated by comparing the output on the chart recorder with that from a similar set
up, and using the dye laser as the pump. The same sample was used in both cases, as
well as identical collecting optics, filters, and entrance slit width. In this way the
maximum waveguide laser power output (displayed in figure 6.36) was estimated to
be 0.15 ±.05 mW.

6.5 DISCUSSION
This chapter presented the spectroscopic properties of Nd:MgO:LiNbOg in both bulk
and waveguide configurations. The absorption spectrum for a proton exchange
waveguide near X=600 nm was measured for the first time, and indicated strong
absorption peaks at 592, and 599 nm. The waveguide absorption for Ti-indiffused
waveguides was also measured, and for both polarisations. The absorption spectrum
for E//c was similar to that for the proton exchange guide, whereas the spectrum for
E±c was shifted shghtly with respect to that for E//c. This difference is related to the
anisotropic characteristics, of the energy levels, in Nd:MgO:LiNbOg. The strongest
fluorescence was observed at 1084 nm and was predominantly TC-polarised. The apolarised contribution was weaker and exhibited several fluorescence peaks, as
confirmed by Brinkmann, et. al.,
The waveguide losses were measured by two
alternative techniques, the waveguide throughput method, and the Fabry-Perot
resonance method. The former rehed on a good knowledge of the coupling efficiency,
whilst the Fabry-Perot resonance technique gave an upper value of the waveguide
attenuation. After taking account of the multiple-mode structure of the laser, and the
misalignment of the end-faces, a waveguide loss of 1.3 dB/cm was estimated for the
proton exchange waveguide. This value, although not state of the art, was sufficiently
low for a low-threshold device. The benefit of the proton exchange processing
technique used for the project is resistance to photorefractive damage (up to 60 mW
absorbed pump power was used without any observable damage effects). Waveguide
lasers fabricated by Ti-indiffusion in Nd:MgO:LiNbOg operate only on a pulsed basis
or at elevated temperatures
The oscillation threshold values for our
Nd:MgO:LiNbOg waveguide laser compare favourably with bulk measurements (Fan,
et. al., [^^]) performed at 598 nm, where P^^ was of the order of 4 to 12 mW. Lallier,
et. al.,
have achieved lower thresholds in Nd:MgO:LiNbOg channel waveguides
doped with -0.2% atomic % Nd, and pumping with a dye laser at ^=814 nm. The
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merits of the semiconductor-diode laser pump, as compared to a dye laser, include
compactness and increased optical efficiency. A gain-guided laser diode, with a beamshaping optics, was used as an alternative pump for the waveguide laser. By pumping
at 813 nm an absorbed pump power threshold of 3.4 ±0.6 mW was achieved. If an
index-guided laser diode was used as the pump source the improved beam profile
would lead to better coupling efficiency to the waveguide, and hence a lower absorbed
pump power threshold.
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CHAPTER 7
The Er:LiNbO g system and preliminary experim ents

7.1 INTRODUCTION
Erbium doping of lithium niobate is of interest because, with this dopant,
amplification at a wavelength of 1.55 |xm is possible
This wavelength region
coincides with the third telecommunications wavelength-window, and the possibihties
of integration with optical fibres are numerous
For integration within optical
circuits, active devices must be kept as short as possible. Since the gain is related to
the length of the device and the dopant concentration, shorter active devices require
higher doping levels. The concentration of erbium ions which may be obtained in a
fibre is limited by clustering
and therefore the length of the fibre cannot be smaller
than about one metre. Rare-earth doping of lithium niobate will increase the potential
of this material allowing integration of active and passive components. In addition its
electro-optic and non-linear properties make for the realisation of attractive device
concepts
Pump sources which operate in the infra-red region of the spectrum
will help minimise photorefractive damage in the material

7.2 ENERGY LEVEL DIAGRAM
Er^""" has the following electronic configuration:
Is^ 2s^ 2p^ 3s^ 3p^ 3d^®4s^ 4p^ 4d^° 4f ^^5s^ 5p^
The energy levels arise from transitions of the 4f electrons of the Er^'*' ion in a field of
the lithium niobate crystal. By using the notation introduced in Chapter 5.1, the
ground state of the Er^^ ion can be written as
4y
4 5 /2

where the total orbital angular momentum number L=6, and the total spin number
S=3/2. The total momentum quantum number is then J=L-i-S=15/2.
The other levels of the ^1 term are in ascending energy, J=13/2, 11/2, and 9/2.
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As with the
ion, the crystal field splits a given multiplet into at most J+1/2
crystal field levels.
Figure 7.1 illustrates the main transitions involved in the EriLiNbOg system
The
dominant emission peak occurs at 1532 nm corresponding to a transition from level
"^Ii3/2 to the ground state. The main pumping wavelengths occur at 660 nm, 808 nm,
980 nm, and 1470 nm. These correspond with transitions from the ground state ^1^5/2
to levels

"^^13/2 respectively.

3/2

9/2
660
9/2

Energy

808

11/2
545

980
13/2
1470
1 532

15/2

Figure 7.1. Energy level diagram for EnLiNbO 3 (the transitions between the energy
levels are given in nm).

The lifetime of the upper laser level is typically 10 ms, and energy injected in the
higher states cascades nonradiatively to the ^^113/2 state, where it is available for
stimulated emission. A potential drawback of this system is that the laser operates on a
three-level scheme, implying higher pump thresholds. However, due to the high
intensities available in a guided configuration, as well as the long upper-state lifetime,
in practice it should not prove difficult to invert the amplifying transition. There are
certain restrictions connected with the choice of pump wavelength. Firstly it is
important to choose a pump wavelength in the infra-red region in order to minimise
photorefractive damage in lithium niobate. Secondly, when using pump wavelengths
shorter than -800 nm, excited-state absorption (ESA) occurs
leading to a relatively
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low pump efficiency. The optimal choice of pumps are at 980 nm and at 1470 nm,
both potential diode-pumping wavelengths.

7.3 DIFFUSION OF ERBIUM IN LITHIUM NIOBATE

Diffusion describes the process by which atoms move in a crystal lattice. The
wandering of an impurity in a lattice takes place in series of random jumps. These
jumps occur in all three dimensions. Impurity atoms wander through the crystal by
jumping from one host lattice to the next, thus substituting for the original host atom.
It is necessary, however, that this adjacent site be vacant to allow the substitutional
diffusion to occur. Since the equilibrium concentration of vacancies is fairly low,
substitutional diffusion occurs at a slower rate than interstitial diffusion (where
interstitial sites are involved).
The coefficient of diffusion is given by
D = Doe'^^'‘'^

(7.3-1)

where Dq is the bulk diffusivity in cm^/s, E is the activation energy in J, and T is the
temperature in K
Both Dq and the exponential term are functions of temperature. However, the variation
of D with temperature is largely controlled by changes in the exponential factor. As a
result Dq is usually considered to be constant over a range of a few hundred degrees
of temperature. All erbium transported by diffusion into the bulk is found on regular
lattice positions, as shown by channeling measurements. The high activation energy
E=3.6 eV for Er diffusion is typical for substitutional diffusers. Table 7.1 presents
diffusion results for erbium in lithium niobate (source Ch.Buchal and S.Mohr)
Tem perature (K)

1200
1250

D (lO*^"* cm^/s)

x-cut

z-cut

0.56
1.40

0.75
2.20

1300

10.0

Table 7.1. Diffusion results for erbium in lithium niobate.
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7.3.1 C ontrolling the diffusion rate

With regard to control of the diffusion rate we are limited to (a) crystal cut, and (b)
temperature. It is desirable to keep the diffusion temperature below the Curie
temperature (-1480 K) to permit the diffusion of the dopant atoms without the need
for ferroelectric repoling. Brinkmann and co-workers attempted indiffusion of an
evaporated erbium layer at 1333 K for 80 hours, into z-cut lithium niobate.
Substituting the diffusion result for z-cut material at 1300 K, from table 7.1, into
equation (7.3-1), we obtain the bulk diffusivity Do=9.0±1.4 cmVs. We can now use
this value for Dq to determine the diffusion coefficient at 1333 K.
From equation (7.3-1), and with E=3.6 eV, we obtain
D=

= 2.21 X10"*^ cm^/s

The diffusion depth is a function of the diffusion time and the diffusion temperature. It
is given by the following equation
d = (4Dt)'/^

(7.3-2)

where d is the depth in cm, t is the diffusion time in seconds, and D is the diffusion
coefficient in cm%.
Using the value of D obtained above and for t=80 hours we obtain
d=5.05xl0'^ cm
This value agrees well with an estimated 1/e depth of 5 qm for the dopant
concentration profile, found by the same authors.
If we use a proton exchange technique to fabricate stripe waveguides in the material,
then a deep diffusion isunnecessary For a single-mode waveguide at X=1.5 |im, the
typical waveguide depth is -2 qm.
We can re-write equation (7.3-2) in terms of the diffusion time t

t=^

172

(7.3-3)

7: THE EriLiNbOg SYSTEM AND PRELIMINARY EXPERIMENTS

For a diffusion depth of 2 p,m, and at 1330 K, we require a diffusion time of
t=|4.88xl0'*s

or

-^4 hours

This diffusion time is better in terms of practicality, and reduces the risk of phase
changes occurring within the crystal. In these calculations we have assumed that the
Arrhenius diffusion law, stated in equation (7.3-1), still applies. This assumption is
valid as long as Dqremains a constant at these elevated temperatures.
7.3.2 Diffusion experim ent
A z-cut sample of congruent lithium niobate was thoroughly cleaned in order to
remove grease and particulate material. The sample was then mounted onto a glass
plate and placed into an evaporator. Air was pumped from the evaporation chamber
until a pressure of -10'^ Torr was reached. Then a molybdenum boat containing
erbium metal was resistively heated until the erbium began to melt. The shutter was
opened and the erbium allowed to evaporate onto the hthium niobate substrate. When
a thickness of ~ 100 nm was deposited (measured with a crystal monitor), the shutter
was closed and the sample allowed to cool before re-admitting the air into the
chamber. The sample was then placed inside a platinum boat, containing some lithium
niobate powder, to minimise outdiffusion, and the boat was sealed up. The boat was
positioned in the centre of the diffusion furnace, and with dry O2 flowing at a rate of 1
Umin the temperature was raised to 1057 °C. The aim was to maintain this
temperature for at least 14 hours, however, due to furnace controller problems, the
diffusion time was only about 10 hours. The latter diffusion time gives, from (7.3-2),
a depth of - 1.7 pm.

7.4 ABSORPTION EXPERIMENT
In order to obtain an absorption spectrum from the sample a white-light source and
scanning monochromator was used. The arrangement used was similar to that shown
in figure 7.2. An arc lamp, with a wide spectral range, acted as the white-light source.
The light from this lamp was collimated, before passing through a chopper, and then
through the entrance slit of the monochromator. The monochromator used a grating
ruled with 1800 lines/mm and blazed in the visible region of the spectrum. A spectral
bandpass of 2 nm could be achieved with this arrangement. The chopped signal acted
as a reference and the silicon detector fed its output to the lock-in amplifier. The output
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from the lock-in amplifier was in turn fed to a chart recorder and displayed.
chopper
detector

pinhole
doped-sample
white-light
source

monochromator

lock-in amplifier

F ig u r e

chart recorder

7.2. Experimental set-up for absorption measurements on erbium-doped sample.

As the grating was rotated, so different regions of the spectrum from the light source
passed through the sample. A chart of the transmitted energy as a function of the
optical frequency was obtained. This chart contained dips in the spectrum where
absorption in the sample occurred.

^ ^

»

3

a

o

u
o
.o

<

4.00
3.75
3.50
3.25
3.00
2.75
2.50
2.25

:
;
^
:
-J

Spectral Bandpass 2nm

2.00 -J
1.75 :
1.50 1.25 ■;
1.00 ■;
0.75 0.50 0.25 -J

0.00 T—I I ' I ' I ' I ' I ' I ' r-* I ' r
350 400 450 500 550 600 650 700 750 800 850 900
W avelengtli (nm )

F i g u r e 7.3. Bulk absorption spectrum o f EnLiNbO^
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In order to obtain the actual absorption of erbium in lithium niobate an undoped
lithium niobate sample was used as a reference. When the spectrum of this sample
was subtracted from that of the doped-sample, the spectrum shown in figure 7.3 was
obtained.

7.5

D ISC U SSIO N

After the diffusion, the surface of the sample appeared visibly rough. This is
presumably the result of inadequate incorporation of the erbium into the lattice sites of
the crystal, necessitating a further annealing stage. The absorption spectrum exhibits
three prominent peaks at ~380 nm, 520 nm, and 660 nm which correspond to the
transitions from the ground state to levels
^ ^ n /2’
respectively [lO]
(the first two transitions are not shown in figure 7.1). The apparent upturn in the
spectrum is a spurious effect unrelated to an absorption feature. It is presumably due
to a wavelength-dependent loss mechanism. The spectrum was obtained with the light
passing through the thickness of the sample and, as a result, the light was being
absorbed over a small fraction of the active region. After optimisation of the erbium
diffusion, a channel waveguide could be fabricated in the material and the absorption
measured over the entire length of the waveguide.
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CHAPTER 8
Second-harm onic generation in Nd;MgO:LiNbOg

8.1 IN T R O D U C T IO N

A miniaturised, compact, all solid-state source of blue-green radiation is attractive for
higher-density optical data storage systems, laser printing, lithography, and
underwater optical communications
NdiMgOiLiNbOg has the potential for self-frequency doubling, that is combining
the laser characteristic of Nd^"^ with the nonlinear characteristic of lithium niobate, in
the same crystal. Furthermore the waveguide configuration leads to the possibility of
achieving a high power density along the entire waveguide length. The advantage of
MgO-doped lithium niobate is that non-critical phase matching for second-harmonic
generation is achieved at ~ 150
compared with room temperature for undoped
lithium niobate. The photorefractive effect in undoped lithium niobate is removed by
the dopant at elevated temperatures. A potential disadvantage of this high temperature
is thermally induced broadening and lower laser-level absorption leading to a higher
threshold, than at room temperature
However, as proved in Chapter 6, the
thresholds in a waveguide laser are already small ~a few mW.
The chapter will begin by discussing the methods of frequency doubling and the
theory relevant to self-frequency doubling. Two methods of self-frequency doubling
in Nd:MgO:LiNbOg will be analysed, namely the Cerenkov scheme, and the noncritical phase matching method. The advantages of non-critical phase matching include
wide spectral and temperature bandwidths, and no Poynting walk-off. With this
technique, the direction of propagation is at 90° to the optical axis of the crystal and
the phase-matching is tuned by varying the temperature of the crystal.

8.2 M ETHODS OF FREQUENCY DOUBLING
8.2.1 Q uasi-phase m atching

The quasi-phase matching method was initially proposed by Bloembergen, et al., in
1962. In this technique, the nonlinear coefficient is modulated spatially with a period
L=2^ç, where

is the coherence length. The lithium niobate crystal is fabricated with

periodic laminar ferroelectric domains, alternate in polarisation directions, and of layer
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thickness equal to
The width of the positive domains
and that of negative
domains
are unequal, however by adjusting the rotation and pulling rates, the
condition

11^ may be achieved. The quasi-phase matching condition is met

if the domain thickness dis an odd multiple of the coherence length such that
d = (2m-Hl) 4

m=0,l ,2,—

(8.2-1)

giving the theoretical nonlinear optical efficiency, as compared with the 90° phasematching process for the same interaction length, of

^QPM _
PM

( 8 .2 - 2 )

v^3i;

The optimum condition occurs when d=£^. Since dg^ is a factor of six times greater
than dgj, the theoretical maximum efficiency is, according to (8.2-2), -15 times
greater than that of 90® phase-matching. However a disadvantage of the quasi-phase
matching technique is that very precise lithography is required, £ is typically of the
order of 1 pm. Nevertheless, conversion efficiencies of -4%/W cm^ have been
reported, using this technique
8.2.2 C erenkov schem e

The Cerenkov scheme was first used by Tien, et al.
and they observed Cerenkov
radiation in a ZnS slab waveguide on a ZnO substrate. Since then Cerenkov radiation
has been observed in lithium niobate
A guided infra-red fundamental mode with an
evanescent wave extending into the substrate excites there a wave of second-harmonic
polarisation, via the dgg coefficient of lithium niobate. By properly choosing the
thickness of the waveguide we can operate the guide so that the forced wave of
second-harmonic nonlinear polarisation travels at a faster velocity than that of the free
wave at the same frequency in the substrate. The nonlinear polarisation thus becomes
a source of Cerenkov radiation emitted in the form of a sheet of light. The
birefringence of lithium niobate is irrelevant since in this case all waves are polarised
parallel to the c-axis. In the following equations we will use the subscripts 1, and 2,
for the fundamental and harmonic waves respectively, and the substrate will be
denoted by sub.
For a guided wave
Ujsub< P / k <njfilm
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and because of the normal dispersion of lithium niobate
n2sub > n^sub

(8.2-4)

Therefore by adjusting the thickness h of the waveguide we can achieve
n^sub < p / k < n2sub

(8.2-5)

Under this condition the velocity, v ^ = 2co/2p = co/ p, of the wave of nonlinear
second-harmonic polarisation exceeds the phase velocity V2 = c / n2sub of the free
second-harmonic wave in the substrate, and consequently, Cerenkov radiation is
emitted. The second-harmonic radiation is emitted at the Cerenkov angle a where

cosa = - ^ = — - —
vjsjL kn2sub

(8.2-6)

N
cos a = ------n2sub

(8.2-7)

or

where N is the effective index of the fundamental guided mode
T. Tanamuchi and K. Yamamoto

reported a conversion efficiency of -1%, with a

proton exchange waveguide formed using pyrophosphoric acid as the proton source.
Light from a diode laser, emitting at 0.8 |im, was launched into a waveguide, in z-cut
lithium niobate, with dimensions 2 |imx0.5 p-m. Radiation at the second-harmonic
was produced by the Cerenkov scheme up to a maximum of 0.4 mW. The Cerenkov
angle in this experiment was 16.2°. More recently De Micheli, et al.
attempted to
obtain Cerenkov second-harmonic generation in Nd:MgO:LiNbOg, by a self
frequency doubling method. For efficient Cerenkov second-harmonic generation a
high step-index increase was applied, by proton exchange in a dilute-acid melt at
300° C. The guide depth was 2 pm and, in order to increase the intra-cavity power,
dielectric mirrors were coated at each end. The requirements for a self-frequency
doubled waveguide laser are a low-loss completely guided mode at the fundamental
frequency co, imposing the condition ngg(co) > no(co), and phase matching, leading to
ngff(co) < ne(2co). In their experiment the ideal Cerenkov zone was found to be
between n^(co)=2.221 and ng(2co)=2.223. Due to the semi-leaky nature of the guides,
they presented high thresholds and unstable laser action, and the second-harmonic
efficiency could not be measured. A problem with the Cerenkov scheme is that the
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second-harmonic radiation is difficult to focus or reshape for practical applications,
due to the fact that it is unguided radiation.
8.2.3 M odal dispersion

In the absence of birefringence, and assuming normal dispersion in the material
refractive index p(TEi„,2co) > p(TE^,,m), second-harmonic generation between two
identical modes (m=m') of the same polarisation is not possible. However, the
existence of multiple modes with different values of effective index can facilitate phase
matching. The problem in phase matching between modes with different mode
numbers is that the overlap integral is seriously reduced, or even zero. In titaniumdiffused waveguides AUg and An^are quite small and so modal dispersion is unable to
modify the phase-matching possibilities. With proton exchange waveguides
Ang=0.14 (in some processes) which is larger than the dispersion of lithium niobate
between 1 |im and 0.5 |xm (-0.10). The interaction has to occur between a low-order
fundamental mode
and a high order harmonic mode
De Micheli,
et al.
have fabricated high Ang proton exchange waveguides in Nd:MgO:LiNbOg.
The doubling interaction occurred between a TEMqq mode of the fundamental and a
TEM50 mode of the harmonic, leading to low conversion efficiency due to a poor
overlap integral.
8.2.4 B irefrin gen ce

We can achieve phase-matching by taking advantage of the temperature dependent
birefringence of lithium niobate. Since dispersion is not strongly dependent on
temperature, we can use temperature to alter the refractive index of the waveguide.
The birefringence is defined by
B = nl-nl

(8.2-8)

D = n 5 -n f

(8.2-9)

and the dispersion by

Therefore (B-D) is given by
B —D = ^n2 “ 1^2) ~ (^2 ~ ^1 ) “ ^1 ~ ^2
If (B-D) is changed by changing X by

(8.2-10)

we cancompensate with a change in 9T so
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as to keep (B-D)=0. For congruent lithium niobate we can use the Sellmeier
equations, introduced in Chapter 2, to calculate n^ and n^ as functions of the
temperature in degrees Kelvin. Recalling equation [2.3-2]

0.97 X10’^+7.70 x l0 '- T n / = 4 . 5 5 6 7 + 2 .6 0 5 x l0 ■ 'T + —
X.--(2.01xl0- +5.4xlO-^T-)“
-2.24xlO■®).-

[2.3-2b]

We would like to convert from the fundamental wavelength

at 1.093 pm to the

second-harmonic wavelength X2 at 546.5 nm, and so we make X=X^ in [2.3-2a] and
obtain values for n^°, for a range of temperatures. Similarly we make X=X^ in [2.32b] and obtain values for n /. We then plot a graph of B-D=(n^°-n^^), as a function of
temperature.
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Figure 8.1. Graph of (B-D) as a function of temperature for congruent LiNbO 3.
The point at which (B-D)=0, corresponds to a temperature of 92 ®C. Since
Nd:MgO:LiNbOg is more biréfringent than undoped LiNbOg the phase-matching
would be expected to occur at a higher temperature. Fan et al have reported, in bulk
NdiMgOiLiNbOg, a phase-matching temperature of 152 ^C. In order to achieve non-
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critical phase-matching, the laser oscillation must be in the ordinary polarisation
(perpendicular to the c-axis), whilst the second-harmonic wave has an extraordinary
polarisation. Since we require that both polarisations are guided, we must use Tidiffusion to fabricate the waveguides. Now, with Ti-diffused waveguides, An^ has a
nonlinear dependence on the Ti-concentration. The effect of this nonlinearity is that the
phase-matching temperature
will alter slightly as the Ti-concentration is varied.

8.3 SECOND-HARM ONIC EFFICIENCY

Recalling the expression for the second-harmonic efficiency (Chapter 2)

Ti = ^ . = d ¥ ^ s i n 2 ( ^ ^ j l R

(8.3-1)

d relates the harmonic field strength to the (fundamental field intensity)^

^ I

the influence of the power density confinement over the interaction length

In the bulk case, diffraction leads to a compromise between small values of beam
cross-section S, hence high power density, and a large value of the interaction length
£. For a Gaussian beam, the optimum configuration is confocal where
1Û
S=^
2n

(8.3-2)

In the waveguide configuration the optical power density PJS isconfined over long
interaction lengths. The ratio of the guided-wave term to that of the confocal
configuration is given by

if

<“ ■’ >

For n=2.2, X=1.09 |im, i - \ cm, and typically S=16 |im^, (8.3-3) gives an
improvement of about 150 for the guided-wave case.
However, in bulk interactions both the fundamental and harmonic beams are {Gaussian
leading to good overlap. In a waveguide, depending on the interacting modes, the
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overlap factor can take on very different values. In order to optimise the overlap,
the fabrication parameters must be chosen carefully. In a low Ti-concentration region
An^<An^, and in a high Ti-concentration region An^>An^. The shape of the pump
mode is fixed by the n^ profile, and that of the harmonic field by the n^ profile. The
best overlap is found to occur between a TMq (pump) mode and a TEj (harmonic
mode), for the case of a high Ti-concentration waveguide

figure 8.2

àL
field
amplitude

TE

depth

Figure 8.2. Mode overlap in a waveguide with a high Titanium concentration.
Ak/^

.

is the effect of the optical phase-matching between the fundamental and the

harmonic waves where
Ak —k2co 2k(Q

is the mismatch vector.

High efficiency second-harmonic generation depends on certain parameters. The
parameters which affect the doubling efficiency in the waveguide are power density
and spectral linewidth:
8.3.1. Power density
From equation (8.3-1) it follows that the conversion efficiency is proportional to the
power density of the fundamental beam, whereas the harmonic power itself is
proportional to the product of fundamental power and power density.
8.3.2. Spectral linewidth
We can obtain the following expression
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where 91 = A, is the deviation from the phase-matching wavelength at which the
doubling efficiency drops to one half

2 912;

'

where I j is the fundamental wavelength, and I 2 is the second-harmonic wavelength
Using typical values for lithium niobate we obtain Al~0.5 nm
The parameters of the harmonic generator which affect the doubling efficiency are the
nonlinear coefficient (only dg^ is phase-matched), optical homogeneity, and
temperature:
8.3.3 O ptical hom ogeneity

Index homogeneities in lithium niobate are an important limiting factor in secondharmonic generation, since the phase-matching condition cannot be satisfied over the
whole interaction length. Lithium niobate crystals exhibit regular biréfringent gradients
along the crystal length. These gradients are responsible for a 1-3 % change in the
phase-matching temperature per cm of the crystal length. Variations in the refractive
index with crystal composition provides a very sensitive method for checking slight
variations in the composition of the crystals. A change of birefringence by 2 x 10“^
can easily be detected by viewing a sample between crossed polarisers. A reliable way
to check the crystal quality is to measure the second-harmonic generation efficiency.
This method has been employed by Midwinter
and depends on the fact that if
some regions of the crystal differ in the phase-matching temperature, this indicates that
they also differ in composition and hence in birefringence.
8.3.4 T em perature

We can expand (B-D)=(n2 - n ° j in the vicinity of the phase-matching temperature
Tpm, into a Taylor series, confining the expansion to two terms

(n! -n ? )^ =(n':

+ ( T - T p ,) ^ ^ ^

At the phase-matching temperature (n^ - n°)
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The mismatch vector Ak = k2co - 2kf^ can be written as follows

A k = ^ - ( n |- < )
c^
'

(8.3-7)

where we have used the relation k^^ = con° / c
From equation (8.3-7) it follows that

( n |- n f ) = A k -^

(8.3-8)

By substituting equation (8.3-8) into equation (8.3-6) we obtain

For a perfect crystal the second-harmonic power is fitted by the function
fsin2(Ak^/2)l

^
1----(m/2f

= sinc^(Ak^/2)

(8.3-10)

which becomes one half of its peak value for
sinc^(Ak^/2) = 0.5 or Ak^/2 = n l 2.25
Thus the total width at half maximum is given by

AT = r
7 -^
T
1
[2.25^9(n^-n?)/3T]

For lithium niobate B ^ n ^ -n jj/3 T = 6.61 xlO“^K~\ A.j = 1.093
^=waveguide length.
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Thus, for a crystal with no induced variations in the refractive index, and substituting
these values into (8.3-11), we obtain AT = 0.73/

(K cm‘^), or =0.6 K over a length

of 1.2 cm. Therefore we should aim for good temperature control in the experiment.
8.3.5 Second-harm onic generation in a waveguide resonator

The conversion efficiency of second-harmonic generation is proportional to the
fundamental power density (equation 8.3-1). Therefore it can be improved not only by
increasing the laser pump power but also by an enhancement of the fundamental field
inside an optical resonator including the nonhnear crystal. It has been demonstrated in
the bulk case

for Nd:MgO:LiNbOg, and in a waveguide for undoped lithium

niobate
An external efficiency of more than 1x10'^ was achieved using a 1.15
|im He-Ne laser as the fundamental source, and a resonator with mirrors of 96%
reflectance. A further improvement of the conversion efficiency is possible with
matched resonators. The aim here is to trap the fundamental wave in the resonator
completely, where it is absorbed or converted to a second-harmonic wave. A matched
resonator therefore has a 100% rear reflector and a matched, loss and length
dependent front mirror to give zero reflectivity in a resonance. A problem with the
resonator approach, for a passive cavity, is that the higher the finesse, the better the
stabilisation of the optical path length inside the resonator must be. In the case of
Nd:MgO:LiNbOg, the fundamental beam is generated within the cavity, and so the
nonlinear cavity is active. The problem of stabihsation of optical path length inside the
resonator is thus minimised.
8.3.6 Second-harm onic power

For a self-frequency doubling laser the second-harmonic power is given by

(8-3-12)
where

is the fundamental power at 1093 nm

In terms of the pump power Pq the second-harmonic power is given by

P2
where

( l - « 2| ] ( l - e ““' ' f Po^

(8.3-13)

and tt2 are the absorption coefficients at the fundamental and second-

harmonic wavelengths respectively.
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The absorption coefficients are a function of the Nd^'*’ concentration x. Both the gain
(for emission at 1093 nm) and the absorption losses (at 1093 and 546 nm) are
strongly influenced by the Nd^'*’ concentration level x. A large x achieves higher gain
(via the absorption of the pump a^) but also suffers a larger absorption loss (at the
second-harmonic o^.
8.4 PROPOSED SECOND-HARMONIC GENERATION
EXPERIMENTS IN NdiMgOiLiNbOg
8.4.1 Cerenkov scheme
We will assume a step-index profile with a peak refractive index change An^ of 0.11
(at 1.084 |im), which would occur when using a KNOg/benzoic acid melt. Table 1
lists the dependence of the Cerenkov angle a on the effective index N^, along with the
required waveguide thickness h

(rijsub)

(tijsub)

h(jim)
0.302
0.462
0.598
0.789
1.020
1.061

Nf
2.146
2.166
2.186
2.206
2.221
2.223

a(d eg )
15.12
13.00
10.47
7.09
2.43
0

Table 8.1. Dependence of the Cerenkov angle on the effective index.
The Cerenkov angle was calculated from equation (8.2-7), and the waveguide
thickness from the following equation

h=

1

2n1/2
xl/2'
^ N ? -n
N i-I
-1
tan
+ tan
n f-N f J
n^ —N f y
-1

(8.4-1)

where ng=2.146 (at 1.084 |im)
At the upper limit of the inequality (8.2-5), (3/ k - > n 2Sub, the Cerenkov angle
vanishes, and the phase velocity of the nonlinear polarisation wave is equal to that of
free wave in the substrate. At the lower limit, p / k —>n^sub, the waveguide mode of
the fundamental wave becomes cut off. By selecting the appropriate processing

187

8

: SECOND-HARMONIC GENERATION IN Nd:MgO:LiNbO,

conditions we can, by adjusting the waveguide width, fine tune the Cerenkov
condition. Let us assume that for a planar guide we have an effective index (for the
fundamental mode) of 2.225. By applying the effective index method of Chapter 3 we
can obtain an effective index
for the equivalent channel guide where

N e q = V " s

(8.4-2)

+ b e q ( N f - n ,^ )

bgq, the normalised guide index of the equivalent guide, can be determined from
available slab-guide results
We obtain values of
for channel widths ranging from 1 to 7 pm, and plot the
following graph of the refractive index as a function of the channel width

2.226

n(2)-substrate

2.216
E
e

2.206

I

2.196

s

2.176

Z

Cerenkov zone

2.186
2.166
2.156
2.146
0

1

0

3

4

5

6

7

8

Width of channel (microns)

Figure 8.3. Plot showing the Cerenkov zone for frequency doubling in proton exchange
channels.

Observe that all the guides below 6 pm in width are in the Cerenkov region.
However, the naiTowest guides are closer to cut-off, and would be expected to be
relatively lossy. Therefore we should aim for channel widths of between 3 and 5 pm
coiTesponding to Cerenkov angles of between 3.4 ° and 1.7 ° respectively.
8.4.2 Non-critical phase-matching scheme
The experimental set-up for non-critical phase-matching is shown in figure 8.4. The
collimated pump beam (at 600 or 814 nm) is passed through a X/2 plate (to select TM
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radiation) and is focussed by a microscope objective onto the waveguide. Because the
fundamental beam is generated within the cavity there is a wide tolerance in the
spectral linewidth of the pump source, allowing the use of high power gain-guided
lasers. The waveguides would be fabricated by Ti-indiffusion, in order to allow both
polarisations of the light to be guided. The sample is placed inside a crystal oven,
which has an operating temperature of 140-160 °C, and is accurate to ±0.1 °C.
A/2 plate

electrode

crystal oven

546 nm

PUMP

8 mm f.l
lens

Figure

8.4.

interference filter

Nd:MgO:LiNbO 3
sample

Proposed experimental set-up for non-critical phase-matching in

Nd:MgO:LlNbO 3 (top view).

The ends of the waveguides are coated with dielectric mirrors, ideally having the
following characteristic:
M

M.

Reflectatice
1093 nm
1084 nm

99%
0%

99%
0%

Transmittance
546/600 nm

80%

80%

Table 8.2. Mirror characteristic for a self-frequency doubled laser.
The fundamental wave at 1093 nm is almost completely trapped by the resonator. The
mirrors should be able to disciiminate between radiation at 1093 nm and at 1084 nm,
to ensure that only TM polarised light (with E lc ) oscillates within the cavity. In
practice such a mirror characteristic would be difficult to achieve due to the wide
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region of peak reflectance in a typical dielectric mirror. Alternatively, a dichroic mirror
would selectively absorb one plane of polarisation whilst transmitting the orthogonal
plane through the medium. In this scheme no attempt is made to oscillate the secondharmonic, although it should be possible to increase the single-end haimonic output if
one of the cavity minors is made highly reflecting at the second-hannonic wavelength.
(The Nd:MgO:LiNbOg system has little absorption at the second-harmonic
wavelength). The waveguide output is then collimated and passed through an
interference filter, which allows only the second-harmonic at 546.5 nm through, and
is analysed by the spectrometer. The purpose of the electrodes is to fine tune the
optical path length, which is critical for optimum phase-matching. With the optical
field polarised along the x-axis (figure 8.5) we utilise the diagonal element of the
refractive index matrix, resulting in an index change given by

(8.4-3)
Figure 8.5 shows the electrode placement utilising the electric field parallel to the
crystal surface

►z
Figure 8.5. Electrode placement utilising the r

electro-optic coefficient.

The nfractive index change An caused by applying a voltage to the electrodes is given
by [n

An(V) = -

n\ V
2 G

(8.4-4)

vsvher V is the applied voltage, G is the interelectrode gap, r is the electro-optic
coeffcient, and F is the overlap integral
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With G=5 |im, V=20 V, and

Anji =

2

4.5x 10'^® cm/V we obtain

X4.5 X10“'® x

, = -0.14 x 10"^
5x10”^

This is a small index change, however it will provide some fine adjustment of the
phase-matching condition.
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CHAPTER 9
C onclusions

9.1 SUMMARISED RESULTS
The project set out to investigate stripe waveguide lasers fabricated in lithium niobate
substrates co-doped with rare-earth ions. Nd:MgO:LiNbOg was characterised as a
laser material, and stripe waveguides were fabricated in it, by a novel proton exchange
method. The waveguides were end coated with dielectric mirrors and pumped by two
alternative laser sources. A minimum absorbed pump power threshold of ~4 mW and
a maximum output power of 2.8 mW was obtained, with a slope efficiency of 14%.
In the early stages of the project, and when the supply of pre-doped material was
an unknown factor, other methods of doping were explored. One such method was
the implantation of rare-earths into undoped material, using only a small part of the
crystal. Some work, with ion implantation of rare-earths in lithium niobate, was
carried out in the ion implantation facility at Surrey University. Neodymium ions were
implanted into undoped lithium niobate with an ion energy of 200 KeV and a total
dose of 1x10^^. Due to beam instability only short implantation periods could be
completed, and the samples exhibited evidence of implantation damage. An ionimplanted sample was tested for fluorescence emission, using an argon-ion laser
pump, along with a Nd:MgO:LiNbOg sample, supplied by Pilkington U.K. Although
an appreciable fluorescence output was observed from the Nd:MgO:LiNbOg sample,
none could be detected from the implanted sample, indicating poor crystal quality.
The main part of the project involved the fabrication of stripe waveguides in
Nd:MgO:LiNbOg, by a new technique. The waveguides were formed by annealed
proton exchange. The substrate was placed in a benzoic acid melt diluted with 14%
molar KNO3. The effect of adding KNO3, besides dilution, was to decrease the
concentration due to an increase in the benzoate/benzoic acid ratio. The diffusion
coefficient for a KN03/benzoic acid melt was approximately 0.9 that of a neat melt
exchange for undoped lithium niobate indicating that, as suspected, exchanging in
14% molar KNO3 bas a minimal effect on the diffusion rate. The diffusion coefficient
of the doped material was found to be 0.61 that of undoped lithium niobate,
presumably due to small differences in the crystal structure of the two materials. The
annealing, which was performed in a dry oxygen atmosphere, increased the
waveguide depth and hence improved the coupling efficiency. Longer anneal times, or
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repeated annealing, led to inconsistencies in processing and higher waveguide losses,
probably due to a phase change in the HiLiNbOg region.
An effective index method was used to determine the depth of the waveguides. The
calculations assumed a step-index profile which was justified in the case of short
anneal times, one hour or less. For x-cut channel guides in Nd:MgO:LiNbOg the peak
refractive index change An^ was estimated to be 0.05 (at 633 nm), and the waveguide
depth typically 2.0 pm. The 4.5 pm wide guides were triple moded at -600 nm,
double moded at -815 nm, and single-mode at 1084 nm.
The waveguide losses were measured by a Fabry-Perot resonance technique,
whereby the temperature of the crystal was altered, and the transmitted output
measured with a photodetector. A crystal heater was constructed out of a ceramic
material, and the sample was placed into it for the duration of the experiment. A
waveguide loss of 1.3-1.6 dB/cm was measured using this method. This compared
well with an alternative loss measurement technique which involved measuring the
waveguide output, and comparing it with a known input power. The laser cavity was
formed by coating dielectric mirrors directly onto the ends of the waveguides.
Alternate quarter-wave stacks were deposited to form a highly reflecting mirror. The
input mirror reflectance was close to 99%, at 1084 nm, and the output mirror
reflectance was -96%.
A Rhodamine RG6 dye laser was calibrated with respect to wavelength, and tuned
to the absorption peak, of Nd:MgO:LiNbOg, at 599 nm. A half-wave plate was used
to select TE polarisation (for an x-cut sample) and the pump light was end-fire coupled
into a 4.5 pm wide waveguide. The monochromator used a 600 1/mm grating blazed
for 1 pm, and with this arrangement a spectral bandpass of 0.6 nm was obtained in
the second order. A photomultiplier tube positioned at the exit slit of the
monochromator collected the output and fed it to a chart recorder. An absorption
spectrum of the waveguide, obtained with a white-light source, indicated an
absorption loss of -5 dB, or -70% absorption, at 599 nm. A coupling efficiency of
50% was determined by tuning the dye laser pump wavelength to 612 nm, away from
the neodymium absorption bands. The absorbed pump power required to reach
threshold was found to be 6.5 mW, and the laser operated continuously in a single TE
polarised mode. The position of the lasing centre wavelength, at 1084 nm, exhibited
no detectable shift from that of fluorescence. The slope efficiency, that is, the ratio of
single end output power to absorbed pump power above threshold was 2.7%, and a
maximum of 0.6 mW was achieved.
A higher slope efficiency was realised by altering the mirror characteristic. A lower
output mirror reflectivity of 80% increased the slope efficiency to 14%. By using the
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absorption band at 592 nm a maximum output power of 2.8 mW was obtained
(limited by the available pump power). There was no photorefractive damage
(reduction in output power) over a period of several minutes, and at a maximum of 60
mW absorbed pump power.
An holosteric laser system has several advantages, including; compactness, optical
efficiency, and ruggedness. In addition, the pump wavelength -814 nm, minimises
photorefractive damage in lithium niobate. A 50 mW single-stripe gain-guided laser
diode was used. Due to the highly diverging, elliptical, and astigmatic beam, a system
of beam shaping optics was used to improve the coupling efficiency. A high numerical
aperture collimator, cylindrical lens, and 2x anamorphic prism pair shifted the beam
into a near-circular profile. A 30% coupling efficiency was obtained with this
arrangement. The diode laser had an emission wavelength of 811.5 nm at 20 °C. In
order to achieve maximum absorption in the waveguide the laser diode case
temperature was increased to 25 °C. This shifted the laser diode wavelength to 813
nm corresponding to -75% absorption in the waveguide. The transmittance through
the input coupler was found to be 60%, indicating an absorbed pump power threshold
of 3.4±0.6 mW. This figure compares, within experimental error, with the threshold
value of 3.0 mW obtained from theory.
Stripe waveguides were fabricated in a z-cut Nd:MgO:LiNbOg sample, and a laser
output characteristic was obtained, with the dye laser pump tuned to 592 nm.
Compared to the waveguides fabricated in x-cut material, this sample presented a
higher pump power threshold 28±2 mW. This high threshold was assumed to be the
result of higher waveguide losses at the lasing wavelength, poorer mirror quality, and
possibly poorer crystal quality.
Both absorption and fluorescence spectra were obtained for Ti-diffused waveguide
channels fabricated in x-cut Nd:MgO:LiNbOg. The waveguide losses were determined
by the Fabry-Perot resonance technique. This indicated a loss of -5 dB/cm for the TE
polarisation, and a loss of -6 dB/cm for TM polarisation. The supposed presence of
out-diffusion, and non-optimum processing conditions are presumably responsible for
these relatively high values. For each polarisation of the pump, TE or TM, the
waveguide output was measured as a function of the pump wavelength. The
absorption spectrum for the Ti-diffused waveguide, with E parallel to the c-axis (E//c),
was identical to that of the proton exchange waveguide. The absorption spectrum, for
E normal to the c-axis (EJ_c), was shifted slightly with respect to that for E//c. The
fluorescence spectrum for E//c exhibited a peak at 1084 nm, and was predominantly
7t-polarised. The fluorescence spectrum in TM polarisation exhibited a smaller
fluorescence peak at 1092.5 nm, and two subsidiary peaks either side of the main one.
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Experiments were also performed with another rare-earth erbium. The erbium was
evaporated onto the surface of undoped z-cut lithium niobate and thermally diffused
into the substrate. The diffusion was performed for a period of 10 hours at a
temperature of 1057 °C. The diffusion depth was estimated to be 1.2 |im. An
absorption spectrum of the bulk doped sample was obtained with a white light source
spectrometer, having a bandpass of 2 nm. The absorption spectrum exhibited three
prominent peaks at 380, 520, and 660 nm, which correspond to transitions from the
ground state to higher lying energy levels. The absorption was measured through a
small active region and was thus of a low value (<1 dB).
Two methods of self-frequency doubling in Nd:MgO:LiNbOg were studied,
namely the Cerenkov scheme, and the non-critical phase-matching method. The
dependence of the Cerenkov angle on the effective index was calculated for a planar
guide, and the optimum channel width for efficient Cerenkov was determined. The
second method utilises the temperature dependence of the birefringence to achieve
non-critical phase-matching. An estimate for the phase-matching temperature, and the
phase-matching bandwidth was made, and a possible experiment proposed. The
experiment involved resonating the fundamental laser wavelength in a channel
waveguide and extracting the second-harmonic from one end. In this scheme the
phase-matching is achieved in a crystal oven operating at ~150 °C, and the fine tuning
is accomplished by means of electrodes placed either side of the waveguide.

9.2 FUTURE WORK
In the project, two different mirror characteristics were investigated for the
NdiMgOiLiNbOg waveguide laser. A maximum slope efficiency of 14% was thus
achieved. From the calculation of optimum output coupling in Chapter 4, it would
appear that an output coupling closer to 30% would optimise the system, and allow a
higher slope efficiency to be obtained. A further investigation of the optimum
processing conditions and stripe width should result in lower waveguide losses, thus
lowering the absorbed pump power threshold to 3 mW or less. In addition an
investigation of the photorefractive effect at higher pump powers (more than 60 mW
absorbed pump power), at -600 nm, would confirm the high damage threshold of the
material.
In order to achieve a diode laser characteristic with the present sample an
improvement in the coupling efficiency, or increased absorption in the waveguide
would be necessary. Optimised beam shaping optics or improved pump transmission
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through the input mirror would improve the coupling efficiency. Alternatively an
index-guided laser could be used as the pump source. Index-guided diode lasers
radiate as nearly diffraction limited sources. Their source size is typically 1-2 |im by
4-7 |im and such sources may be re-imaged to spots with approximately the same
dimensions as the source. An improved diode laser cooling system would better match
the diode laser emission wavelength to the peak absorption of Nd:MgO:LiNbOg. To
avoid spectral broadening and feedback-induced instabilities of the laser diode, a
polariser and quarter-wave plate can be inserted into the pump beam to serve as a
quasi-isolator. The theoretical maximum slope efficiency of the Nd:MgO:LiNbOg
system is 75% with the diode laser-pump, indicating the potential of this pump
source.
Further work on Ti-diffused stripe waveguides is required in order to reduce the
waveguide loss to less than 2 dB, for both polarisations. Elimination of out-diffusion
would be necessary, possibly by diffusing in wet oxygen atmospheres. This would
then allow an investigation of the lasing characteristics of Ti-diffused channels. Due to
the reduced photorefractive damage resistance of Ti-diffused waveguides, a pump
source in the infra-red region, for example a diode laser or Ti-sapphire laser, or
operating at elevated temperatures would be necessary.
The fabrication of a proton exchange channel waveguide in the erbium-doped
hthium niobate sample would be the next step. An absorption spectrum obtained from
such a channel could then be compared with bulk absorption spectra. When the
processing conditions are optimised, dielectric mirrors would then be deposited on the
substrate ends with a peak reflectance near 1500 nm. A suitable pump source would
be a laser diode, emitting at 980 nm, whose wavelength should also lie well outside
the reflectance bandwidth of the mirror coating.
Further work on second-harmonic generation in Nd:MgO:LiNbOg might involve
the investigation of the two phase-matching schemes proposed in the project, namely,
Cerenkov and non-critical phase-matching. For the Cerenkov scheme proton exchange
channel waveguides could be implemented. For non-critical phase-matching, Tidiffused waveguides of low internal loss would be required. After resonating the
fundamental wavelength at 1093 nm and maintaining its state of polarisation, the
optimum phase-matching condition would be found by temperature tuning the crystal.
In this way a low-threshold self-frequency doubled laser could be realised.
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Appendix
A.1 GRATING SPECTROSCOPY
Figure A. 1 shows parallel light of wavelength X incident on a reflection grating
Æ&acted light
incident hght

Figure A.I. Diffinaction grating formula.
Let a be the angle of the beam with respect to the normal, P the direction of the
observed diffraction, and a the groove spacing.
The path difference along two hght rays diffracted by successive reflective surfaces A
is given by
A = AB + AC = a(sina + sinp)

(A. 1-1)

Constructive interference occurs when A=mA,, where m is the order of the maxima.
Hence equation (A. 1-1) can be written as
sin a+sinp=ml/a or mn^

(A. 1-2)

where n is the number of grooves per unit length.
In order to obtain better use of the grating the spectral energy should be concentrated
into any one of the orders (except order zero). This can be done by tilting the grooves
with respect to the grating surface. In this way the energy distribution can be made to
appear in only one order, see figure A.2
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Figure A.2. Diagram of a blazed grating.
(|) is called the blaze angle. It is the angle of the reflecting elements with respect to the
grating surface. It is also the angle of incidence at which one obtains the blaze effect.
We can apply the grating formula, (A. 1-2), as follows
2a sin (|) = mXg
where

(A. 1-3)

is the blaze wavelength in order m.

From this relation we can see that a grating that is blazed for X^ in the first order is
also blazed for X^/2 in the second order, and X^/3 in the third order.
A.1.1 Dispersion
To find out how the angle of diffraction varies with wavelength we can differentiate
equation (A. 1-2) with respect to p to obtain
da
o
8X,
aco sa — + acosp = m —
dp
dp

(A. 1-4)

If we consider the case where the angle of incidence is constant then

I-»
and

(A. 1-5)
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The quantity 3p / dX is the change of diffraction angle corresponding to a small
change of wavelength, the angular dispersion. In practice we need to know the linear
dispersion of a grating system. This is the reciprocal of the product of the angular
dispersion by the effective focal length. It is a measure of the linear spread of
wavelength dX to be found in a unit length x of the spectrum. From (A. 1-5) we obtain

OX

=^

(A.1-6)

mf

where f is the effective focal length in mm
We can write (A.1-6) in units of nm/mm

=

OX

nmf

(A. 1-7)

where we have made the substitution n=l/a

A.2 THE PHOTOMULTIPLIER
In the photomultiplier the photoelectrons are accelerated towards a series of electrodes
(called dynodes) which are maintained at successively higher potentials with respect to
the cathode. On striking a dynode surface each electron causes the emission of several
secondary electrons which in turn are accelerated towards the next dynode and
continue the multiplication process. If on average 5 secondary electrons are emitted at
each dynode surface for each incident electron, and if there are N dynodes overall,
then the total current amplification factor between the cathode and anode is given by
G=5N

(A.2-1)

Typically if 8=5, and N=9, then the gain G is 2x 10^.
The dynode potentials are provided by means of an EHT voltage supply. The voltage
recommended for the photomultiplier tube (PMT) was 1590 V, and this voltage was
used in all the experiments. The presence of dark current shot noise sets a limit on the
minimum detectable signal. Let us suppose that the incoming power is 1 nW (1x10^
W). If the gain were as computed above and the quantum efficiency of the
photocathode were 11^^=0.0005 (at 1.08 |im), the load current would be
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iL=Gi1qee|-j^|

(A.2-2)

where e is the electronic charge
i]^ is then 8.71x 10*^ A.
With a value for the load resistor of Rl=1 MQ, then V^=0.87 V, a value that is readily
measured.
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